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5 3 3 g p  
A t u rbu len t - f low l u b r i c a t i o n  theory f o r  t he  composite t i l t i n g - p a d  bear ing  has been 

developed. Design d a t a  c a l c u l a t i o n s  have been made and r e s u l t s  a r e  presented i n  

t h i s  r e p o r t .  The t h e o r e t i c a l  s t a t i c  load c a p a c i t y ,  dynamic load p r o p e r t i e s ,  f r i c -  

t i o n a l  torque and flow a r e  given f o r  a wide range of cond i t ions  cover ing  the  prac- 

t i c a l  o p e r a t i n g  range f o r  a four-pad, 80 degree pad, a r c  bear ing .  

Modif ica t ions  t o  the  dynamic load bearing appa ra tus ,  i nc lud ing  t h e  i n s t a l l a t i o n  of 

a torquemeter for measurement of t e s t  bearing f r i c t i o n a l  to rque ,  have been made. 

Pre l iminary  experiments t o  determine the p a r a s i t i c  torque c h a r a c t e r s i t c i s  of t he  

appa ra tus  have begun and i n i t i a l  r e s u l t s  a r e  given. The t i l t i n g - p a d  t e s t  bear ing  

has  been designed and f a b r i c a t i o n  i s  underway. 

Plans have been made f o r  con t inua t ion  of t h e  s t u d i e s  of t h e  fundamentals of super- 

laminar flow i n  the  f i l m  between a r o t a t i n g  inne r  c y l i n d e r  and an e c c e n t r i c  o u t e r  

s u r f a c e  which may be  a f u l l  o r  p a r t i a l - a r c  c y l i n d e r .  P repa ra t ions  f o r  p re l imina ry  

experiments us ing  a new technique f o r  flow v i s u a l i z a t i o n ,  electrochemiluminescence, 

have begun. 
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INTRODUCTION 

Superlaminar flow of t he  l u b r i c a n t  f i l m  i n  j o u r n a l  bear ings  may occur i n  high- 

speed r o t a t i n g  machinery us ing  low kinematic v i s c o s i t y  f l u i d s  as t h e  bear ing  lub- 

r i c a n t .  Dynamic space power turbo-machinery i n  which the  l i q u i d  meta l  working 

f l u i d  i s  used a s  t h e  bear ing  l u b r i c a n t  a r e  an example of t h i s  type of r o t a t i n g  

machinery. 

The performance of a bea r ing  w i l l  change s i g n i f i c a n t l y  as t h e  l u b r i c a n t  f i l m  flow 

becomes superlaminar and t h e  d i f f e r e n c e ,  as compared t o  laminar flow behavior,  

w i l l  become g r e a t e r  as the  Reynolds' number i s  increased .  The g ross  e f f e c t s  of 

f low t r a n s i t i o n  on performance wi th  u n i d i r e c t i o n a l  load a r e  t o  inc rease  the  f r i c -  

t i o n  power loss ,  t he  load-car ry ing  capac i ty  and the  s h a f t  a t t i t u d e  ang le  f o r  a 

given e c c e n t r i c i t y .  Considering only  the e f f e c t s  on s t a t i c  load performance, i t  

appears  t h a t  superlaminar flow resu l t s  i n  improved bear ing  performance. However, 

t h e r e  a r e  o the r  cons ide ra t ions  which are  usua l ly  much more important i n  high-speed 

r o t a t i n g  machinery. The p r i n c i p a l  loads on the  bear ings  of such machines a r e  

dynamic loads  r e s u l t i n g  from r o t o r  unbalance o r  from e x t e r n a l  sources .  Moreover, 

i t  i s  t h e  dynamic load c h a r a c t e r i s t i c s  of t h e  bear ings  of a r o t o r - b e a r i n g  system 

which he lp  determine t h e  c r i t i c a l  speeds and t h e  threshold  of i n s t a b i l i t y  of t he  

r o t o r - b e a r i n g  system. 

performance machinery - i s  power loss i n  t he  bea r ings .  F r i c t i o n a l  power loss 

i n  t h e  bea r ing  r i s e s  sha rp ly  wi th  t h e  t r a n s i t i o n  t o  superlaminar flow. Power 

l o s s e s  d i r e c t l y  a t t r i b u t a b l e  t o  the  bearings have represented  a s i z e a b l e  p o r t i o n  

of t h e  t o t a l  power output  of e a r l y ,  space power C R U ' s .  These l o s s e s  reduce t h e  

system e f f i c i e n c y  and make it d i f f i c u l t  t o  avoid s e r i o u s  thermal g r a d i e n t s  i n  

t h e  r e g i o n  of the bea r ings  and their  suppor ts .  

Another major cons ide ra t ion  - e s p e c i a l l y  i n  compact, high- 

It i s  apparent  t h a t  t he  behavior of bearings o p e r a t i n g  i n  t h e  superlaminar flow 

regime i s  q u i t e  d i f f e r e n t  from t h a t  of convent iona l  bea r ings  i n  which the  flow 

i n  t h e  l u b r i c a n t  f i l m  i s  laminar.  For r a t i o n a l  des ign  of ro to r -bea r ing  systems 

t o  be  opera ted  a t  h igh  speed us ing  low kinematic v i s c o s i t y  l u b r i c a n t s ,  it i s  

necessary  t o  have a v e r i f i e d  l u b r i c a t i o n  theory  f o r  superlaminar flow t h a t  i nc ludes  

p rov i s ion  f o r  computing the  v i t a l  dynamic load p r o p e r t i e s  of t h e  bear ing .  
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The broad o b j e c t i v e s  of t h i s  program, and of the programwhich preceded i t ,  a r e  

Cont r ibu te  t o  the  development of a comprehensive theory f o r  l u b r i c a t i o n  

i n  the  super laminar flow regime ; 

Apply the  theory  t o  genera te  the engineer ing  d a t a  f o r  p r a c t i c a l  bear ing  

conf igu ra t ion  i n  superlaminar regime; 

Experimentally test  the  p r a c t i c a l  usefu lness  of t he  theory as a des ign  

t o o l  and, whi le  so doing,  t o  supplement t he  t h e o r e t i c a l  r e s u l t s  w i t h  

experimental  observa t ions .  

Th i s  r e p o r t  d e s c r i b e s  the  work performed dur ing  the  f i r s t  three-month per iod  of 

t h i s  program. 
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REVIEW OF PREVIOUS STUDIES 

Before proceeding wi th  a d e s c r i p t i o n  of t h e  work of t h e  p re sen t  program, i t  i s  

a p p r o p r i a t e  t o  b r i e f l y  review the  r e s u l t s  of t he  program which preceded t h i s  one. 

There were two p r i n c i p a l  a r e a s  of i n v e s t i g a t i o n  i n  the  program on turbulen t - f low 

l u b r i c a t i o n  which w a s  done a t  MTI under NASA sponsorship (Contract NASw-771). They w e r e  
_, 

(a)  Determination of s t a t i c  and dynamic p r o p e r t i e s  of b a s i c  bear ing  geometries 

( p l a i n  c i r cu la r  and p a r t i a l - a r c )  i n  the  superlaminar flow regime. 

Torque measurement and v i s u a l  obse rva t ion  of flow between non-concentric 

c y l i n d e r s  ex tending  t o  very h igh  Reynolds numbers. 

( b )  

The p a r t i a l - a r c  pad i s  t h e  bas i c  element o r  bu i ld ing  block of most p r a c t i c a l  bear- 

i ngs  f o r  high-speed r o t a r y  machinery. Development of a u s e f u l  theory f o r  des ign  

a n a l y s i s  of p r a c t i c a l ,  superlaminar flow bear ing  h inges  on the  e x i s t e n c e  of a v e r i -  

f i e d  theory  f o r  t h e  i n d i v i d u a l  p a r t i a l - a r c  pad. For example, t h e  performance of 

t h e  t i l t i n g - p a d  bear ing  i s  giverned by the  s ta t ic  and dynamic c h a r a c t e r i s t i c s  of 

t h e  i n d i v i d u a l  pads which make up the  complete bear ing .  During t h i s  program, t h e  

eddy v i s c o s i t y - t u r b u l e n t  f low l u b r i c a t i o n  theory  of Ng and Pan (Ref. 5) w a s  ex- 

tended t o  permi t  c a l c u l a t i o n  of bear ing  dynamic p r o p e r t i e s .  Ca lcu la t ions  of both 

s t a t i c  and dynamic p r o p e r t i e s  were made f o r  a 100 degree  arc bear ing  and were 

v e r i f i e d  by experiment.  

response f o r  a wide range of ope ra t ing  cond i t ions  f o r  Reynolds numbers up t o  13,300.  

“fMs--ks *%y- *e- szsmp-k-&+3 - t ? € & e R - - k L  

The c a l c u l a t e d  bear ing  p r o p e r t i e s  were used t o  compute the  c o n d i t i o n s  f o r  onse t  

of f r a c t i o n a l ,  frequency w h i r l  of t he  s h a f t  and these  a l s o  compared c l o s e l y  w i t h  

exper imenta l  measurements. Measured and c a l c u l a t e d  s t e a d y - s t a t e  load c a p a c i t i e s  

f o r  t h e  bea r ing  were compared and found t o  be i n  e x c e l l e n t  agreement. A s  a r e s u l t  

of t h e s e  s t u d i e s ,  i t  w a s  concluded t h a t  t h e  eddy-v iscos i ty  t u r b u l e n t  flow lub r i ca -  

t i o n  theory  f o r  t h e  p a r t i a l  a r c  had been shown t o  be s u f f i c i e n t l y  accu ra t e  t o  be 

of p r a c t i c a l  va lue  i n  des ign  c a l c u l a t i o n s .  

Agreement w a s  good between c a l c u l a t e d  and measured r o t o r  

’ -in.E.ig...LL. - 

Superlaminar flow i n  j o u r n a l  bear ings  is  complicated by t h e  f a c t  t h a t  t he re  a r e  

two d i s t i n c t  modes, vo r t ex  flow and f u l l y  developed turbulence .  The c r i t i c a l  

Reynolds number i s  d i f f e r e n t  f o r  each of t hese  and, depending on the  c l ea rance  

r a t i o ,  e i t h e r  one can  s e t  i n  f i r s t .  A fundamental study of t hese  flow regimes 

i n  c o n c e n t r i c  and e c c e n t r i c  a n n u l i ,  both w i t h  and wi thout  imposed a x i a l  p re s su re  
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g r a d i e n t ,  was judged t o  be  necessary i n  order  t o  guide f u t u r e  development of a 

more comprehensive theory .  This i s  t r u e ,  p a r t i c u l a r l y  f o r  vor tex  flow, s i n c e  the  

fo rmula t ion  of t h e  p r e s e n t  theory i s  based on concepts  f o r  f u l l y  developed t u r b u -  

l e n t  f low only .  

The f r i c t i o n  torques  and flow regimes were s tud ied  through accura t e  torque measure- 

ments and v i s u a l  s t u d i e s  of t h e  flow reg imes  (Ref. 2 ) .  T r a n s i t i o n  speeds t o  vor tex  

and t u r b u l e n t  f lows w e r e  obtained as func t ions  of e c c e n t r i c i t y  and the  e f f e c t  of 

a x i a l  p r e s s u r e s  on these  t r a n s i t i o n  speeds w a s  demonstrated.  I n  a d d i t i o n ,  des ign  

c h a r t s  f o r  c a l c u l a t i n g  j o u r n a l  bea r ing  f r i c t i o n  i n  superlaminar regime were 

obta ined .  
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PLAN OF RESEARCH 

I n  t h i s  program, the  work of the  previous program w i l l  be continued and extended 

i n  both a) the de te rmina t ion  of t h e  s t a t i c  and dynamic load p r o p e r t i e s  of the 

p a r t i c u l a r  bear ing  types t h a t  are judged t o  be  most s u i t a b l e  f o r  high-speed 

turbumachinery, where the  bear ing  f i l m  is superlaminar ,  and b) i n  the  inves t iga -  

t i o n  of t h e  fundamental p r i n c i p l e s  of  flow i n  the  bear ing f i l m  f o r  both vo r t ex  

and ful ly-developed turbulence .  

The theory  and computational methods which were used and v e r i f i e d  f o r  s i n g l e  bear- 

i ng  elements  w i l l  now be extended and applied t o  o b t a i n  des ign  d a t a  f o r  the  mul- 

t i p l e  t i l t i n g - p a d  and the  f l o a t i n g - r i n g  j o u r n a l  bear ings .  The s t a t i c  and dynamic 

load c h a r a c t e r i s t i c s  and the  f r i c t i o n a l  torque a r e  t o  be c a l c u l a t e d  and v e r i f i e d  

exper imenta l ly  f o r  each bear ing  type and f o r  a wide range of cond i t ions .  The tilt- 

ing-pad and f l o a t i n g - r i n g  bear ings were chosen because,  from both t h e o r e t i c a l  con- 

s i d e r a t i o n s  and p r a c t i c a l  experience,  they of f e r  unique advantages f o r  very high- 

speed r o t a r y  machinery a p p l i c a t i o n s .  The t i l t i n g - p a d  bear ing i s  gene ra l ly  recog- 

nized as having the  b e s t  s t a b i l i t y  c h a r a c t e r i s t i c s  of any of the  s e l f - a c t i n g  

(hydrodynamic), j o u r n a l  bear ing types .  It can have very high load-carrying capac i ty .  

On t h e  o t h e r  hand, power loss i s  a l s o  qu i t e  high.  The two l u b r i c a n t  f i lms  of t h e  

f l o a t i n g - r i n g  bear ing  g ive  i t  very high damping which r e s u l t s  i n  good dynamic load 

and s t a b i l i t y  c h a r a c t e r i s t i c s .  A major advantage i s  s u b s t a n t i a l l y  lower power l o s s  

s i n c e  the  shear  r a t e  and t h e  Reynolds number of t he  inner  f i l m  are lower than they 

a r e  f o r  an  equ iva len t  p l a i n  jou rna l  bear ing because of r i n g  r o t a t i o n .  

r e s i s t a n c e  t o  s h a f t  r o t a t i o n  comes only from the  inne r  f i l m ,  of course .  Disad- 

vantages inc lude  lower load-carrying capac i ty  than most j ou rna l  bear ing  types and 

poss ib l e  d i f f i c u l t i e s  i n  a s su r ing  t h a t  both hydrodynamic f i lms  are i n i t i a t e d  when 

t h e  s h a f t  begins  t o  r o t a t e .  W e  expect  t h a t  t h i s  program w i l l  produce des ign  d a t a  

inc lud ing  some ope ra t ing  experience w i t h  a wel l - instrumented system f o r  both of 

these  bear ing  types covering both laminar and superlaminar flow regimes.  This 

d a t a  should be d i r e c t l y  app l i cab le  t o  such design d e c i s i o n s  as choice of bear ing  

type ,  s p e c i f i c a t i o n  of bear ing  des ign  parameters,  and de termina t ion  of the  e f f e c t  

of the  bear ing  on system dynamics and power loss. 

- -- ----- _-__-_I - ___ __ . _ _  .___ ~ - __ - - _ _  _ _ -  

F r i c t i o n a l  

A p r i n c i p a l  o b j e c t i v e  of t he  bear ing  fi lm-flow s t u d i e s  w i l l  be t o  i n v e s t i g a t e  the 

e f f e c t s  of c l ea rance  between the  cy l inde r s  and confirm the  r e s u l t s  which have been 

obtained w i t h  l a r g e  c l ea rance  r a t i o  a t  the much smaller c l ea rances  t h a t  a r e  
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r e p r e s e n t a t i v e  of p r a c t i c a l  bear ings .  Very l a rge  c l ea rances  (C/R* 0.1 i n / i n . )  

were used i n  the  previous experiments i n  o rder  t o  o b t a i n  very high Reynolds' numbers 

a t  r o t a t i o n a l  speeds which could be  achieved wi thout  e l a b o r a t e ,  d i f f i cu l t - to -work -  

wi th  equipment. I n  a d d i t i o n ,  l a rge  c learances  were necessary t o  use the powdered 

aluminum t r a c e r  technique f o r  flow v i s u a l i z a t i o n .  I n  t h i s  program we hope t o  per- 

form flow v i s u a l i z a t i o n  experiments w i t h  cons iderably  smaller  c l ea rances ,  a l though 

the  range of Reynolds' numbers w i l l  be smal le r ,  by developing a new technique f o r  

flow v i s u a l i z a t i o n  which has  not  previously been appl ied  t o  l u b r i c a t i o n  s t u d i e s .  

Torque measurements w i l l  a l s o  be made for  smal le r  c learance  r a t i o s  i n  order  t o  

extend the empir ica l  r e l a t i o n s h i p  of Wendt which h a s  been used t o  take  account of 

t he  e f f e c t s  of c l ea rance  r a t i o  on f r i c t i o n a l  torque between r o t a t i n g ,  concen t r i c  

c y l i n d e r s  t o  the  case  of e c c e n t r i c  cy l inde r s .  Another a r e a  r e q u i r i n g  i n v e s t i g a t i o n  

i s  the  flow between a r o t a t i n g  inner  cy l inder  and a p a r t i a l - a r c  ou te r  su r f ace .  

Di f fe rences  between the flow i n  t h i s  conf igura t ion  and t h a t  between two complete 

c y l i n d e r s  a r e  a n t i c i p a t e d  because of entrance e f f e c t s  a t  the  lead ing  edge of t he  

arc .  I n  t h e  case of two c y l i n d e r s ,  t he  same l u b r i c a n t  i s  cons t an t ly  r e c y c l i n g  

around the  c l ea rance  s i n c e  i t  i s  an unending pa th .  When the  ou te r  su r f ace  i s  an 

a rc ,  t h e r e  i s  a d i s t i n c t  beginning and end of the  flow pa th  and the  e f f e c t s  on 

l o c a l  f low of upstream f lows,  o r  the  h i s t o r y  of flow, w i l l  be d i f f e r e n t .  There i s  

some evidence of such d i f f e r e n c e s  now. The c r i t e r i o n  f o r  t r a n s i t i o n  t o  superlaminar 

flow between e c c e n t r i c  cy l inde r s  which was developed by D i P r i m a  (Ref. 3)  was found 

t o  be s u r p r i s i n g l y  accu ra t e  f o r  a p a r t i a l - a r c  bear ing (Ref. 4 ) ,  but  i t  w a s  not  

nea r ly  so  accu ra t e  f o r  t he  eccen t r i c  cy l inde r s  used i n  the  previous program ( R e f .  
*) - - - 3ec-z-- - use o f  1T3se &i"Mefene-es &-%-- t t r e -pw arc-* a +ms+z-**g - 

bu i ld ing  block,  s t u d i e s  of the  flow i n  t h i s  conf igu ra t ion  are needed. 
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GEOMETRICAL PARAMETERS OF TILTING PAD BEARINGS 

The t i l t i n g - p a d  j o u r n a l  bear ing  c o n s i s t s  of a s e t  of pads which a r e  i n d i v i d u a l l y  

p ivo ted ,  as shown schemat ica l ly  i n  F i g .  2 .  The geometr ica l  parameters t h a t  d e f i n e  

the  bear ings  a r e  : 

Bearing diameter (D) 

Number of pads 

Angular e x t e n t  of the  pads (f3) 

Slenderness  r a t i o  (5) 
Pad c l ea rance  r a t i o  (E) 
Pivot  l o c a t i o n  (F) 
Pad m a s s  and i n e r t i a  

Geometrical p re load  c o e f f i c i e n t  (m) 

L 

C 

QP 

The parameters which a r e  p e c u l i a r  t o  t h i s  type of bear ing  a r e  f ,  g and h ,  and 

these  a r e  d iscussed  b r i e f l y  below. 

P ivo t  l o c a t i o n  

Each pad of t he  bear ing  i s  pivoted i n d i v i d u a l l y -  g e n e r a l l y  by means of a r o l l i n g  

c o n t a c t  p i v o t .  With proper des ign ,  the  f r i c t i o n  torque i n  the  p i v o t  i s  n e g l i g i b l y  

s m a l l  i n  comparison wi th  t h e  moment induced i n  t h e  f l u i d  f i l m  when t h e  r e s u l t a n t  

of t h e  f l u i d  f i l m  f o r c e s  does not  pass  through the  p i v o t .  Each bear ing  pad w i l l ,  

tlieS€?Ze , assume- an 'incTTnat ion  TUC% --mat tpre IT=- uf-thrf h i s - f + h r - ~  

passes  through i t s  p i v o t  p o i n t .  Thus, t he  l o c a t i o n  of t he  p i v o t  p o i n t  i s  c r i t i c a l  

s i n c e  i t  governs t h e  i n c l i n a t i o n  t h a t  each pad w i l l  a ssume,  hence t h e  magnitude 

of t he  hydrodynamic p res su res  t h a t  are generated i n  t h e  f l u i d  f i l m .  Where the 

bear ing  h a s  t o  be designed f o r  e i t h e r  d i r e c t i o n  of r o t a t i o n ,  a c e n t r a l l y  loca ted  

p i v o t  

__ 

QP (B = .5 ) i s  gene ra l ly  des i rab le .*  Where t h e  bear ing  i s  s u b j e c t  only t o  

* We a r e  concerned he re  wi th  j o u r n a l  bearing pads which a r e  c i r c u l a r  a r c s .  Such 
The pads can  genera te  hydrodynamic p res su res ,  w i th  c e n t r a l l y  loca ted  p i v o t s .  

s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i n  the  case of t h r u s t  bea r ings ,  where i t  can be 
shown t h a t  p e r f e c t l y  f l a t ,  c e n t r a l l y  pivoted pads cannot gene ra t e  hydrodynamic 
p r e s s u r e s .  The load c a p a c i t y  exhib i ted  by c e n t r a l l y  p ivoted ,  t h r u s t  bear ing  
pads i s  almost e n t i r e l y  due t o  t h e  f a c t  t h a t  t h e  pads "crown" under load, as a 
r e s u l t  of a) the  d i s t r i b u t e d  load on the a c t i v e  f a c e s  and t h e  p o i n t  (or l i n e  
suppor t )  on t h e  back f a c e s  of the  pads, and b) t h e  thermal g r a d i e n t s  a c r o s s  the  
pads caused by hea t  generated by f l u i d  shear  on the  a c t i v e  f a c e s  of t he  pads.  
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one d i r e c t i o n  of r o t a t i o n ,  an i n c r e a s e  i n  load-car ry ing  c a p a c i t y  can be achieved 

by l o c a t i n g  the  p i v o t  p o i n t  a l i t t l e  a f t e r  t he  mid-plane of t he  pads. 

Pad Mass and I n e r t i a  

Proper func t ion ing  of t i l t i n g - p a d  bearings , under dynamic loads i s  predica ted  

upon t h e  pads being a b l e  t o  "track" the  o r b i t s  of t h e  j o u r n a l .  As t he  j o u r n a l  

c e n t e r  moves a long  an o r b i t ,  t he  ind iv idua l  pads of t h e  bea r ing  m u s t  vary t h e i r  

i n c l i n a t i o n s ,  such t h a t  t h e  vec to r  sum of t h e  f l u i d - f i l m  f o r c e s  generated i n  the  

pads i s  always equa l  and oppos i te  t o  the in s t an taneous  j o u r n a l  load. I f  t h i s  

c o n d i t i o n  i s  n o t  s a t i s f i e d ,  t h e  t i l t i n g - p a d  bea r ing  l o s e s  much of i t s  advantage. 

It w i l l  approach i n  performance t h e  fixed pad bea r ing  and w i l l  become s u b j e c t  

t o  a r e l a t i v e l y  low t h re sho ld  of i n s t a b i l i t y .  The a b i l i t y  of t h e  t i l t i n g - p a d  

bea r ing  t o  t r a c k  j o u r n a l  motions can be analyzed i n  terms of t he  i n e r t i a  of t h e  

i n d i v i d u a l  pads and t h e  s t i f f n e s s  and damping of t h e i r  f l u i d  f i l m s .  The a n a l y s i s  

y i e l d s  equa t ions  which def ine :  a) t h e  magni f ica t ion  f a c t o r  ( i . e . ,  t he  r a t i o  of 

t h e  ampl i tudes  of motion of t h e  pads t o  those  of t h e  j o u r n a l ) ,  and b) t h e  phase 

angle  between these  motions - i n  terms of t h e  m a s s  of t h e  pads and t h e  s t i f f n e s s  

and damping c o e f f i c i e n t s  of t h e  f l u i d  f i lm.  The va lue  of t he  pad mass, a t  which 

the  phase angle i s  90' (compared t o  0' i f  t h e  pads have ze ro  m a s s )  i s  c a l l e d  t h e  

c r i t i c a l  m a s s  of t h e  pads (M ) .  I n  o rde r  t o  assure s a t i s f a c t o r y  t r a c k i n g  of 

t h e  j o u r n a l  o r b i t s ,  t he  pads should be designed such t h a t  t h e i r  mass i s  a smal l  

f r a c t i o n  of t he  c r i t i c a l  mass. I n  p r a c t i c e ,  i t  i s  found t h a t  s a t i s f a c t o r y  t r ack -  

&n_g_is achieved i f  t h e  pad mass i s  less than one-half the c r i t i c a l  pad mass. The 

c r i t i c a l  pad m a s s  ha s  been computed and p l o t t e d ,  i n  t h e  des ign  c h a r t s  included i n  

t h i s  r e p o r t ,  a s  a f u n c t i o n  of Sommerfeld Number and Reynolds' number, t o  f a c i l i -  

t a t e  des ign  c a l c u l a t i o n s .  

c r i t  

_ _  - --_-I--________ ~ 
- - _ . -  - - __. - - - - - -  -. - - _ _  _ _ _  - 

Geometrical Preload C o e f f i c i e n t  

Geometrical p re load ing  i s  used i n  order t o  achieve: 

a) High bear ing  s t i f f n e s s ,  even with ze ro  n e t  load on t h e  s h a f t  

b) P o s i t i v e  f l u i d  f i l m  p res su res  a c t i n g  on a l l  t he  bea r ing  pads 

(even those  loca ted  i n  the  p a r t  of t h e  bea r ing  away from t h e  d i r e c t i o n  

of l oad ) .  
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Geometr ical  p re loading  i s  achieved by assembling the  pads such t h a t  t h e i r  c e n t e r s  

of c u r v a t u r e ,  wi th  zero  i n c l i n a t i o n s ,  form a c i r c l e  of r a d i u s  "a" about the  c e n t e r  

of t h e  bear ing .  F igures  3A and 3 B  show, r e s p e c t i v e l y ,  the  geometr ical  arrange-  

ment of t h e  pads wi thout  and wi th  geometrical  p re load .  

. -  

Let: 

= Radius of curva ture  of the pads as machined 

= Radius of s h a f t  as machined 
RP 

RS 
a = Radius of preload c i r c l e  

C =R -R = Radia l  c learance  of the pads (machined c l ea rance ) .  
P P S  

I n  t h e  pre load  case, "the bear ing radius"  i s  now def ined  as: 

RB = Rp - a .  

The "bearing r a d i a l  c learance" ( i . e . ,  running c l ea rance  over the  p i v o t s  a t  zero  

load)  i s  def ined  as: 

CB = RB - RS = Rp - a - RS. 

From the  d e f i n i t i o n  of C and the  equat ion above, i t  i s  seen t h a t  P 

a = C p  - CB. 

The preload c o e f f i c i e n t  i s  def ined  as: 

Under load ,  the s h a f t  c e n t e r  w i l l  move away from the  bear ing  c e n t e r .  A l s o ,  each 

pad w i l l  i n c l i n e  such t h a t  t he  r e s u l t a n t  of t h e  f l u i d  f i l m  p res su res  passes  

through t h e  p i v o t  p o i n t .  

arc of a c i r c l e ,  whose c e n t e r  i s  the  pivot  p o i n t .  

I ts  c e n t e r  of cu rva tu re  w i l l ,  t he re fo re ,  move a long  an 

Let  e = d i s t a n c e  between the  s h a f t  cen ter  and the  bear ing  c e n t e r  under a given B 
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load on the  s h a f t  (bear ing  c o n c e n t r i c i t y ) .  

Let e 

under same load on t h e  s h a f t  (pad e c c e n t r i c i t y ) .  

= d i s t a n c e  between the  s h a f t  cen ter  and the  c e n t e r  of curva ture  of a pad, P 

We then d e f i n e  two e c c e n t r i c i t y  r a t i o s  a s  follows: 

Pad e c c e n t r i c i t y  r a t i o  is: 

and bear ing  e c c e n t r i c i t y  r a t i o  is: 

B e 
= -  

cB € B  

Tes t  Bearing Design 

The numerous v a r i a b l e s  i n  the des ign  of a t i l t i n g - p a d  j o u r n a l  bear ing  can be 

grouped i n t o  those desc r ib ing  the  design of the  i n d i v i d u a l  pad;. those  which 

determine how the  pads are assembled together  i n t o  t h e  bear ing  and those which 

d e s c r i b e  t h e  p i v o t .  The pad design va r i ab le s  and the  va lues  chosen f o r  the  

t e s t  bea r ing  include:  

- 3  ( a )  Clearance r a t i o  (C/R) - 3x10 i n / i n .  
_ _  . -  __ fb)- *- -ra-tf(J fL/-lY) --- -f.@ 

( c )  Arc length  (8) - 80 degrees  

(d)  Pos i t i on  of the  p ivo t  a long the pad arc (which w i l l  determine the 

d i r e c t i o n  of the  r e s u l t a n t  of t he  f l u i d  f i l m  f o r c e s  a c t i n g  on the  pad 

s i n c e  t h i s  m u s t  p a s s  through the p ivo t )  - 44 degrees  from leading  edge, 

or .55 of the  a r c  length .  

The v a r i a b l e s  desc r ib ing  the  assembly of pads i n t o  the  bear ing  are: 

(a) The number of pads - 4 

(b)  The preload, m - a d j u s t a b l e  to  any v a l u e ,  0 < m < 1. 
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The p i v o t  design v a r i a b l e s  depend on the exac t  p ivo t  conf igu ra t ion  chosen, b u t  

f o r  t h e  sphere i n  con tac t  wi th  an i n t e r n a l  c y l i n d r i c a l  su r f ace ,  as i s  used here ,  

they are: 

6 
(a)  

(b)  Radius of t he  sphere - .625 inch 

( c )  Radius of the  cy l inde r  - -655 inch  

Material modulus of e l a s t i c i t y  - 30x10 p s i  f o r  hardened t o o l  s t e e l  

The p o s i t i o n  of t he  p i v o t s  w a s  chosen as  r ep resen t ing  the  bes t  probable compro- 

mise between the  improved load capac i ty  t o  be obtained from a p o s i t i o n  behind t h e  

midpoint and y e t  avoiding the  confusion and unce r t a in ty  caused by m u l t i p l e  va lues  

of c a l c u l a t e d  load capac i ty  f o r  t he  normal range of ope ra t ing  e c c e n t r i c i t i e s .  

It i s  expected t h a t  experiments w i l l  be performed f o r  two values  of preload coef-  

f i c i e n t ,  probably 0 .5  and 0 .  The p r i n c i p a l  gu ide l ines  i n  planning the  p ivo t  de- 

s i g n  were t o  hold the Her tz ian  con tac t  stress below 200,000 p s i  whi le  minimizing 

r e l a t i v e  s l i d i n g  of t he  c o n t a c t i n g  su r faces .  The e l a s t i c  s t i f f n e s s  of the  p i v o t  

c o n t a c t s  has  been c a l c u l a t e d .  The s t i f f n e s s  v a r i e s  as the  2 /3  power of t h e  pad 

load and i s  1.3~10 l b / i n .  a t  500 l b .  load.  This i s  w i t h i n  an order  of magnitude 

of t h e  expected f l u i d - f i l m  s t i f f n e s s ;  t he re fo re ,  p i v o t  d e f l e c t i o n  w i l l  be a f a c t o r  

t o  be considered both wi th  r e s p e c t  t o  the o v e r a l l  bear ing  s t i f f n e s s  and because 

of t he  tendency t o  reduce bear ing preload a t  high va lues  of s t a t i c  load. The t e s t  

bear ing  p i v o t s  are about as s t i f f  as they can reasonably be i f  t he  s e l f - a l i g n i n g  

f e a t u r e  of t h e  bear ing  i s  t o  be r e t a ined  (a cy l inde r  con tac t ing  a cy l inde r  would 

be s t i f f e r  but  would p ivo t  i n  one plane on ly ) .  Therefore ,  t h i s  i s  a proper ty  of 

t he  bea r ing  which i s  encountered i n  turbomachinery a s  w e l l  as i n  the t e s t  bear ing  

and i t  w i l l  be f ac to red  i n t o  the  c a l c u l a t i o n s  t h a t  a r e  made f o r  comparison of 

t h e o r e t i c a l  and t e s t  d a t a .  It i s  planned t o  compare the  experimental  and theo re t -  

i c a l  r e s u l t s  i n  t h i s  program by us ing  the ca l cu la t ed  bear ing  c h a r a c t e r i s t i c s  i n  

a r o t o r - b e a r i n g  a n a l y s i s  of t he  t e s t  machine and comparing c a l c u l a t e d  and measured 

response o r b i t s  and c r i t i c a l  speeds.  Pivot s t i f f n e s s e s  w i l l  be included i n  the  

p e d e s t a l  c h a r a c t e r i s t i c s  i n  the  c a l c u l a t i o n s  j u s t  as we would expect  t o  do i n  a 

des ign  a n a l y s i s .  

6 

- __l_ll_ __ _ _ l _ l _ _ l  I - -. - ___ _. . __ 
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THEORETICAL ANALYSIS OF THE TILTING-PAD BEARING I N  THE TURBULENT FLOW REGIME 

Broadly speaking, t he  t h e o r e t i c a l  ana lys i s  f o r  t he  t i l t i n g - p a d  bear ing  i s  con- 

s t r u c t e d  by summation of t he  e f f e c t s  of t he  i n d i v i d u a l  pads which a r e  determined 

from t h e  l u b r i c a t i o n  theory f o r  f i x e d ,  p a r t i a l - a r c  j o u r n a l  bea r ings .  There a r e  

a d d i t i o n a l  f a c t o r s  and complications t o  be considered a s  w i l l  be shown, but t h i s  

i s  t h e  e s sence  of t he  procedure which i s  followed. The stepwise development of 

t h e  t i l t i n g - p a d  bear ing  theory beginning w i t h  the  l i n e a r i z e d  t u r b u l e n t  flow theory  

f o r  t he  i n d i v i d u a l  f i xed  p a r t i a l  a r c ,  then t o  the  i n d i v i d u a l  t i l t i n g  pad, and 

f i n a l l y  t o  t h e  composite bear ing  w i l l  be descr ibed  b r i e f l y  i n  the  fo l lowing  sec- 

t i o n s .  The a n a l y s i s  and t h e  numerical s o l u t i o n  of t h e  r e s u l t i n g  equa t ions  a r e  

descr ibed  i n  more d e t a i l  i n  t h e  Appendices. 

L inear ized  Turbulent Lubr ica t ion  Theory f o r  a Pa r t i a l -Arc  Bearing 

The development of t h e  l i n e a r i z e d ,  tu rbulen t - f low l u b r i c a t i o n  theory based on t h e  

eddy d i f f u s i v i t y  concept w a s  descr ibed  by Ng and Pan i n  Reference 5. 

i c a l  a n a l y s i s  l ead ing  t o  t h e  theory w a s  g iven  a l s o  i n  an Appendix t o  Reference 6 

and t h e  procedure f o r  numerical i n t e g r a t i o n  of t h e  t u r b u l e n t  l u b r i c a t i o n  equat ion  

f o r  c a l c u l a t i n g  s t a t i c  and dynamic load c h a r a c t e r i s t i c s  of a s ing le -bea r ing  element 

was presented  i n  the  f i n a l  r e p o r t  (Ref. 1). This theory overcomes t h e  two main 

o b j e c t i o n s  t o  the  e a r l i e r  t u r b u l e n t  l u b r i c a t i o n  theory  of Constantinescu (Ref. 7 ) ,  
namely : 

The mathemat- 

_I a">- -f)i-Seeftcim3=kty m e* Ske-ft-r ere39. *-&*-A* 4 a R - k e E -  -6t€bkyeZ*, 

2) Improper t rea tment  of non-planar flow i n  the  f i n i t e  l eng th  bear ing  a n a l y s i s .  

A l l  of t h e  turbulen t - f low l u b r i c a t i o n  theo r i e s  are based on concepts of t u r b u l e n t  

f low which were o r i g i n a t e d  i n  connection w i t h  p ipe  o r  channel f lows. 

p rov i s ion  f o r  cons ider ing  t h e  uns t ab le ,  vo r t ex  flow which gene ra l ly  occurs  i n  

bear ings  before  fully-developed turbulence and t h e r e  i s  no t h e o r e t i c a l  b a s i s  f o r  

apply ing  t h e  t u r b u l e n t  l u b r i c a t i o n  theory t o  bear ings  ope ra t ing  i n  t h i s  r eg ion .  

Th i s  void i n  the  l u b r i c a t i o n  theory  i s  one reason  why fundamental s t u d i e s  of flow 

between e c c e n t r i c  c y l i n d e r s  a r e  being performed i n  t h i s  program. 

t h a t  t h e  turbulen t - f low l u b r i c a t i o n  theory does perform w e l l  enough i n  the  vo r t ex  

flow r e g i o n  t o  be u s e f u l  f o r  des ign  c a l c u l a t i o n s .  

There i s  no 

It i s  f o r t u i t o u s  

This i s  because t h e  sudden 
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change i n  bear ing  performance co inc ides  wi th  t h e  expected t r a n s i t i o n  t o  vo r t ex  flow 

and t h e  measured performance cu rves  remain smooth and r e g u l a r  through the  r eg ion  

where t r a n s i t i o n  t o  fully-developed turbulence should occur (Ref. 4 ) .  The same 

s o r t  of behavior w a s  found i n  the  f r i c t i o n  torque measurements between e c c e n t r i c  

c y l i n d e r s  which were r epor t ed  e a r l i e r  (Ref. 2 ) .  

The s o l u t i o n  of t he  l i n e a r i z e d ,  turbulent-flow l u b r i c a t i o n  theory  has  been extended 

t o  c a l c u l a t e  t h e  f r i c t i o n a l  loss and lub r i can t  flow a s  w e l l  a s  t h e  s t a t i c  and 

dynamic load c h a r a c t e r i s t i c s  of t h e  ind iv idua l  pad. The numerical s o l u t i o n  is  

d i scussed  i n  d e t a i l  i n  Appendix A .  

Dynamic Load Analys is  of t h e  Par t i a l -Arc  Bear ing  

The dynamic load a n a l y s i s  of t he  ind iv idua l  p a r t i a l - a r c  bear ing  i s  based on an 

examination of smal l  motions of t h e  jou rna l  c e n t e r  about i t s  equ i l ib r ium p o s i t i o n .  

The a n a l y s i s  i s  l imi ted  t o  s m a l l  motions because t h e  r e s u l t a n t  of t h e  hydrodynamic 

f l u i d - f i l m  f o r c e s  i s  a non- l inear  func t ion  of t he  displacement,  a t t i t u d e  a n g l e ,  

and v e l o c i t y  of t h e  j o u r n a l  c e n t e r .  Therefore, t he  agreement between the  a n a l y s i s  

and t h e  behavior of p r a c t i c a l  r o t o r  systems depends, i n  p a r t ,  on how c l o s e l y  t h e  

r e l a t i o n s h i p  between the  g r a d i e n t  o f t h e  bear ing  f i l m  f o r c e  and t h e  s h a f t  c e n t e r  d i s -  

placement approaches l i n e a r i t y  intk r e g i o n  of i n t e r e s t . -  I n  qost hydrodynamic j o u r n a l  

bea r ings ,  t h i s  r e l a t i o n s h i p  is. reasonably linear f o r  va lues  of e c c e n t r i c i t y  r a t i o  up 

t o  about 0.8. Above t h i s  e c c e n t r i c i t y  r a t i o ,  the  cu rva tu re  o f  t h e  force-d isp lace-  

ment curve  i n c r e a s e s  sha rp ly .  Ordinar i ly ,  des ign  loads  f o r  high-speed r o t a t i n g  

machinery r e s u l t  

of t h e  dynamic a n a l y s i s .  

- - - .- - - - - - - __ I _ _  - 
i n  ' equi l ibr ium e c c e n t r i c i t y  r a t i o s  w e l l  w i t h i n  the  u s e f a  range 

I n  t h e  dynamic a n a l y s i s ,  t h e  f l u i d - f i l m  f o r c e  r e s u l t a n t  i s  reduced t o  a s e t  of 

s p r i n g  and damping f o r c e  c o e f f i c i e n t s .  The va lues  of t hese  f o r c e  c o e f f i c i e n t s  a r e  

t h e  g r a d i e n t s  of t h e  force-displacement and fo rce -ve loc i ty  curves  a t  t he  e q u i l i -  

brium p o s i t i o n  of t h e  j o u r n a l  c e n t e r .  In p r i n c i p l e ,  t h i s  system i s  analogous t o  

a mechanical system of sp r ings  and dashpots suppor t ing  the  s h a f t .  However, t h e r e  

a r e  s i g n i f i c a n t  d i f f e r e n c e s :  

(1) The bea r ing  f i l m  f o r c e  vs .  displacement and f o r c e  v s .  ve loc i ty  r e l a t i o n -  

s h i p s  a re  non- l inear  so t h e  spr ing  and damping c o e f f i c i e n t s  are n o t  con- 

s t a n t  bu t  vary cont inuous ly  with the  equ i l ib r ium p o s i t i o n  of t h e  s h a f t  
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c e n t e r .  I n  the  case  of tu rbulen t  fdow bear ings ,  the  c o e f f i c i e n t s  change 

a l s o  wi th  Reynolds number. 

(2), There i s  a cross-coupl ing e f f e c t ,  a r i s i n g  from the  f a c t  t h a t  the re- 

s u l t a n t  of the  f i l m  f o r c e s  caused by a displacement or  v e l o c i t y  of the 

s h a f t  c e n t e r ,  i s  not  co - l inea r  w i th  the  displacement  o r  v e l o c i t y .  Thus, 

i f  t he  s h a f t  i s  d i sp laced ,  o r  i f  a v e l o c i t y  i s  imparted t o  i t ,  the r e s u l t -  

i ng  change i n  f l u i d - f i l m  force  w i l l  have components both along the  d i r e c t -  

i on  of displacement ,  o r  ve loc i ty ,  and normal t o  i t .  

I f  t he  dynamic f l u i d - f i l m  f o r c e  and the  s h a f t  displacement and v e l o c i t y  are re- 

solved i n t o  components a long x and y coord ina tes  wi th  the  s t eady- s t a t e  load (F ) 

d i r e c t e d  a long  the  x a x i s ,  we have: 
0 

0 
F - F  

X - Kxxx - B  xx G -  KxyY - Bxy9 

F = - F  X - B  G -  KyyY - Byy9 Y YX YX 

where the  f i rs t  s u b s c r i p t  d e f i n e s  the  d i r ec t - Jn  of f o r c e  and the  second s u b s c r i p t  

d e f i n e s  t h e  d i r e c t i o n  of t he  displacement o r  v e l o c i t y .  The e i g h t  c o e f f i c i e n t s  have 

been c a l c u l a t e d  f o r  t he  f ixed ,  80 degree,  arc bear ing i n  the  manner descr ibed i n  

Appendix B f o r  Reynolds' numbers up t o  12,000 and f o r  equ i l ib r ium e c c e n t r i c i t y  

r a t i o s  from 0.01 t o  0.99. 

I 

Dynamic Analys is  of the  T i l t i n g  Pad 

The s m a l l  motions of t he  s h a f t  cen te r  caused by dynamic load w i l l  cause the  ind i -  

v i d u a l  t i l t i n g  pad t o  o s c i l l a t e  about i t s  p i v o t  p o i n t .  

of bear ing  ope ra t ion  and pad des ign ,  t h i s  o s c i l l a t i o n  w i l l  approach a resonance. 

When t h i s  happens, the  s t i f f n e s s  of t he  pad f l u i d  f i l m  w i l l  f a l l  o f f  sharp ly .  For 

t y p i c a l  pad des igns ,  resonance w i l l  occur when the  pad e c c e n t r i c i t y  r a t i o  i s  s m a l l  

and, t h e r e f o r e ,  the  load on t h a t  p a r t i c u l a r  pad w i l l  be l i g h t .  I n  a d d i t i o n ,  the  

e f f e c t s  of f l u i d - f i l m  damping, which w i l l  be l a r g e  f o r  small  e c c e n t r i c i t y ,  and of 

the  mass i n e r t i a  of the  pad about i t s  p ivot  w i l l  provide some suppor t  a t  the  pad 

resonance cond i t ion .  It may be t h a t  the most s e r i o u s  e f f e c t s  of pad resonance a r e  

on the  p i v o t s  where f r e t t i n g  may be brought on by l a r g e  o s c i l l a t i o n  ampli tudes a t  

Under c e r t a i n  cond i t ions  
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high  frequency.  

resonance by avoiding low e c c e n t r i c i t y  r a t i o s  f o r  the pads on the s i d e  of the  

bear ing  away from the s t a t i c  load d i r e c t i o n .  

A comparatively l a r g e  bearing preload should h e l p  t o  avoid pad 

The a n a l y s i s  t o  determine the c r i t i c a l  mass of t he  pad f o r  resonance wi th  the  

e f f e c t s  of pad i n e r t i a  ignored i s  given i n  Appendix B .  This a n a l y s i s  can be used 

t o  ca lcu la te  the  dimensionless  pad c r i t i c a l  mass as a func t ion  of bear ing  Sommerfeld 

number f o r  d i f f e r e n t  va lues  of Reynolds number, once the pad f l u i d  f i l m  dynamic 

c h a r a c t e r i s t i c s  are determined from t h e  tu rbu len t  l u b r i c a t i o n  a n a l y s i s  f o r  t he  

f ixed  pad. This  has  been done and t h e  r e s u l t s  w i l l  be  presented l a t e r  i n  t h i s  

r e p o r t .  They can be used i n  bear ing design t o  a s su re  proper  t r ack ing  and t o  avoid 

having a pad resonance a t  o r  near the  normal machine ope ra t ing  cond i t ions .  

Analysis  of t he  Composite Ti l t ing-Pad Bearing 

The s t a t i c  and dynamic load c h a r a c t e r i s t i c s  of the  composite, t i l t i n g - p a d  bear ing  

a r e  determined by summation of t he  e f f e c t s  of the  ind iv idua l  pads.  The procedure 

f o r  doing t h i s  i s  long and ted ious .  Br i e f ly ,  i t  i s  r equ i r ed  t h a t  the  t o t a l  f o r c e  

component i n  the  y - d i r e c t i o n  (normal t o  the  load l i n e )  summed over a l l  pads m u s t  

be ze ro .  For a given e c c e n t r i c i t y  r a t i o  and bear ing  pre load ,  s e v e r a l  values  of 

a t t i t u d e  ang le  are assumed. The ind iv idua l  pad f o r c e s  r e s u l t i n g  from each of t hese  

assumed j o u r n a l  p o s i t i o n s  are determined from the d a t a  f o r  a s i n g l e ,  f i xed  bear ing  

pad. The summation of the  pad f o r c e s  for  each assumed a t t i t u d e  angle  a r e  p l o t t e d  

and, by i n t e r p o l a t i o n ,  the a t t i t u d e  angle where the  summation of fo rces  i n  the  y- 

d i r e c t i o n  i s  zero i s  determined. The i n T i v i 7 € u l  paTor?Ces-can -eix-n-k?-andyztrd 

aga in  f o r  t h e  c o r r e c t  a t t i t u d e  angle .  The procedure can  be s impl i f i ed  a g r e a t  

d e a l  i f  t h e  pad p i v o t s  a r e  located symmetrically about t he  x -ax i s  o r  s t a t i c  load 

l i n e  and i f  pad i n e r t i a  i s  neglec ted .  In  t h i s  even t ,  the a t t i t u d e  angle  w i l l  

always be  zero  and, moreover, s ince  the  f o r c e  and displacement vec to r s  a r e  now 

c o - l i n e a r ,  the  c ross -coupl ing  sp r ing  and damping c o e f f i c i e n t s  vanish .  Furthermore,  

f o r  t he  four-pad bear ing  wi th  the load l i n e  between t h e  p i v o t s ,  t h e r e  i s  a l s o  

symmetry about t he  y-ax is  so  the dynamic c o e f f i c i e n t s  i n  the  x- and y -d i r ec t ions  

w i l l  be  i d e n t i c a l  and the  response of the s h a f t  t o  a r o t a t i n g  load w i l l  always be 

a c i r c l e .  

- . - 

The a n a l y s i s  f o r  dynamic c h a r a c t e r i s t i c s  of t he  composite t i l t i n g - p a d  bear ing  i s  

given i n  more d e t a i l  i n  Appendix B .  
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Calcula ted  S t a t i c  and Dynamic C h a r a c t e r i s t i c s  f o r  the  Ti l t inp-Pad Bearing 

A s  a check,  some s t a t i c  load r e s u l t s  were c a l c u l a t e d  f o r  laminar flow 

f o r  comparison wi th  Raimondi and B0;d-s r e s u l t s  (Ref.  9) f o r  p a r t i a l - a r c  bear ings 

w i t h  laminar flow. The c a l c u l a t e d  values ( i n  parentheses)  a r e  compared wi th  

Raimondi and Boyd's r e s u l t s  i n  the t a b l e  below. 

L/D = 1.0 60' A r c  (mesh:circumferential-16, a x i a l  -14) 

E 4 Q 
RCNL Q s / Q  S 

0 . 1  67.92 (65.35) 29 .1  (28.86) 3.07 (3.05) .0267 (0.0212) 8.52 (8.59) 
0 .8  18.33 (18.26) 1.42 (1.39) -883 (0.836) .200 (0.159) 0.101 (0.102) 

L/D = 1.0 120' A r c  (mesk c i rcumferent ia l -16 ,  a x i a l  -14) 

Q QslQ S RCNL E 

0 . 1  72.43 (71.99) 14.5 (14.20) 3 .20  (3.19) .0876 (0.0777) 2.14 (2.135) 
0 . 8  27.42 (27.28) 1.27(1.195) 1.57 (1.428) 0.535 (0.484) .0531 (0.0529) 

L / D  = 1.0  F u l l  Jou rna l  (mesh: c i rcumferent ia l -20 ,  a x i a l  -14) 

E UJ Q 
RCNL Q s l g  S 

0 . 1  79.5 (83.73) 26.4 (24.8) 3.37 (3.39) 0.150 (0.144) 1.33 (1.30) 
0 .8  36.24(36.13) 1 . 7  (1.38) 4.62 (4.78) 0.842 (0.820) -0446 (.043) 

The agreement seems q u i t e  s a t i s f a c t o r y .  

Ca lcu la t ions  of s t a t i c  load c a p a c i t y ,  dynamic c o e f f i c i e n t s ,  f r i c t i o n  torque and 

flow through the  bear ing  have been made f o r  a four-pad bear ing  wi th  the  s t a t i c  

load l i n e  d i r e c t e d  midway between p ivots .  Cons is ten t  w i th  the t es t  bear ing  des ign ,  

the  pad a rc - l eng th  i s  80 degrees  and the p ivo t  i s  loca ted  a t  .55 of the a r c  l eng th  

(44 degrees)  from the  leading  edge. 

S t a t i c  load capac i ty  r e s u l t s  a r e  given i n  F igures  4 through 7 r e s p e c t i v e l y  f o r  

preload c o e f f i c i e n t s  of 0 ,  0 .3 ,  0 .5  and 0 .7  r e s p e c t i v e l y .  The r e s u l t s  a r e  pre-  

sented a s  Sommerfeld number p l o t t e d  aga ins t  e c c e n t r i c i t y  r a t i o  f o r  va r ious  va lues  

of Reyno Id s numbers . 



- 18- 

up t o  16,000. 

0 . 3 ) ,  t he  problem of two branches of the curve of pad f o r c e  p l o t t e d  a g a i n s t  E cos@ 

m u s t  be faced .  In  e f f e c t ,  t h i s  means t h a t  f o r  a given pad fo rce  o r  load the re  

a r e  two va lues  of e c c e n t r i c i t y ,  and t w o  angles  of pad i n c l i n a t i o n  which might 

occur .  The d i f f e r e n c e  i n  load-carrying capac i ty  i s  n o t  g r e a t ,  and i n  t h i s  ca se ,  

t h e  p o s i t i o n  of l e s s e r  pad i n c l i n a t i o n w a s  chosen f o r  the  bear ing design curves .  

I n  cons t ruc t ing  t h e  design curves f o r  smal le r  pre loads  (m = 0 and 

The locus of a t t i t u d e  angle  v s .  e c c e n t r i c i t y  r a t i o  f o r  t he  ind iv idua l  pad wi th  0.55 

p i v o t  p o s i t i o n  i s  given i n  F igs .  8 and 9 f o r  Reynolds numbers up t o  16,000. It 

i s  c l e a r  t h a t  E and @ a r e  s ingle-valued.  The a t t i t u d e  angle  vs.  e c c e n t r i c i t y  r a t i o  

locus  f o r  the  composite bear ing i s  simply the  x -ax i s ,  

symmetrical  pos i t i on ing  of t he  p i v o t s  about t h a t  l i n e .  

= 0 f o r  a l l  E ,  because of 
@O 

C 
W The dynamic bear ing  c h a r a c t e r i s t i c s  a re  p l o t t e d  a s  dimensionless  s t i f f n e s s  (- K) 

o r  damping ( i " B )  vs .  Sommerfeld number f o r  the  var ious  va lues  of Reynolds numbers 

i n  F i g s .  10 through 17  f o r  m =  0 ,  0 .3 ,  0.5, and 0 . 7  r e s p e c t i v e l y .  There i s  only 

one s p r i n g  and one damping c o e f f i c i e n t  t o  desc r ibe  the  bear ing  dynamic charac- 

t e r i s t i c s  completely because of symmetry of the  p i v o t s  w i th  r e s p e c t  t o  both x- 

and y -ax i s  and because of the  assumption of i n e r t i a l e s s  pads.  

C 

A programming e r r o r  has  been found i n  the f r i c t i o n  torque c a l c u l a t i o n s .  This has  

been c o r r e c t e d ,  bu t  the  rev ised  r e s u l t s  a r e  not  y e t  a v a i l a b l e .  They w i l l  be given 

i n  t h e  next  progress  r e p o r t .  
._ 

Dimensionless flow vs.  Sommerfeld number i s  p l o t t e d  i n  F igs .  18 through 2 1  f o r  

the  d i f f e r e n t  pre loads .  

F i n a l l y ,  the  dimensionless  c r i t i c a l  mass of the  pad i s  given as a func t ion  of 

Sommerfeld number i n  F igs .  22 through 25. There a r e  sepa ra t e  va lues  of c r i t i c a l  

mass f o r  t he  pads which a r e  on t h e  s i d e  away from the load and f o r  those on the  

loaded s i d e .  Except f o r  t he  c a s e s  of lower preload ( m s  0 . 3 ) ,  the  smal le r  of 

t he  two va lues  are p l o t t e d .  For the  low preload c a s e s  the  top pads w i l l  nea r ly  

always b e  completely unloaded so the  c r i t i c a l  mass f o r  t he  bottom pad i s  p l o t t e d  
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I 

DYNAMIC LOAD JOURNAL BEARING APPARATUS 

Mechanical Components I 
The same appara tus  which w a s  used i n  the previous program and descr ibed  i n  d e t a i l  

i n  References 1 and 6 w i l l  be used i n  t h i s  program wi th  some modi f ica t ions .  The 

bas i c  arrangement of the  mechanical elements of the  appara tus  i s  shown schemat ica l ly  

i n  F ig .  26- 

one end of the  long s h a f t  wi th  the  t es t  bear ing  suppor t ing  t h e  o t h e r  end. The 

s h a f t  d iameter  i s  four  inches and the  span between bear ings i s  40 inches.  The 

s h a f t  i s  d r i v e n  by a 7.5 H.P . ,  v a r i a b l e  speed (1770 t o  11,500 rpm) e l e c t r i c  d r i v e  

coupled t o  the  support  bear ing end by a spec ia l ly-ba lanced ,  f l e x i b l e  d i s k  coupl ing.  

U n i d i r e c t i o n a l ,  downward load i s  appl ied t o  the  inboard b a l l  bear ing a t  the t e s t  

bear ing  end of t he  s h a f t  through a cable  by a l a r g e ,  l o w  sp r ing  r a t e  (125 l b / i n . )  

compression sp r ing .  A r o t a t i n g  load i s  appl ied i n  one of two ways .  For independ- 

e n t  c o n t r o l  of load frequency and d i r e c t i o n ,  unbalance weights  a r e  a t tached  t o  

the  o u t e r  race housing of a b a l l  bear ing whose inner  race i s  mounted on the s h a f t .  

The housing and ou te r  r ace  are d r iven  i n  e i t h e r  d i r e c r i o n  by a s m a l l  un ive r sa l  

e l e c t r i c  motor through a f l e x i b l e - d i s k  coupl ing.  Synchronous unbalance load i s  

appl ied  by r ep lac ing  the  r o t a t i n g  load bearing wi th  a d i s k  t o  which unbalance 

weights  can  be a t t ached .  

A preloaded p a i r  of angular  con tac t  b a l l  bear ings  provide support  a t  

The appa ra tus  i s  capable  of i n v e s t i g a t i n g  bear ing  performance over the  fol lowing 

_I_ range of _ . r a n d i L i Q n s  : -. 

- 3  Reynolds Number - up t o  12,000 (for C / R  = 3x10 i n / i n . )  

S t a t i c  Load - up t o  1000 l b .  

Ro ta t ing  Load - up t o  100 l b .  

Ro ta t ing  Load Frequency - 2000 t o  20,000 cpm i n  e i t h e r  d i r e c t i o n .  

The l u b r i c a n t  which i s  normally used i s  a s i l i c o n e  o i l  of 0.65 cs v i s c o s i t y  a t  

a t  210 F, of 0 . 3 1 .  v i s c o s i t y  
v i s c o s i t y  a t  100 F 7 7  F and a v iscos i ty- tempera ture  c o e f f i c i e n t  (1 - 

It can be de l ive red  under pressure  and a t  c o n t r o l l e d  temperature t o  any of a 

number of p o i n t s  on the  bear ing  housing depending on the  bear ing  being t e s t e d .  

There a r e  c l o s e  c learance  s e a l s  outboard of the  tes t  bear ing and beyond them a r e  

c a v i t i e s  from which the  l u b r i c a n t  i s  scavenged. 
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I n s  t r limen t a t i  on 

For the  t i l t i n g - p a d  t e s t  bear ing ,  the  fol lowing measurements w i l l  be made: 

a )  

b) Dynamic component of fo rce  appl ied by the  s h a f t  t o  the bear ing 

c )  

d)  

Locus of t he  s h a f t  c e n t e r  wi th in  the  bear ing c learance  

Dynamic motion of the  s h a f t  a t  t e s t  bear ing and support  bear ing ends 

O s c i l l a t i n g  motion of one of the pads about i t s  p ivo t  i n  both p i t c h  

and r o l l  

S t eady- s t a t e  and r o t a t i n g  load magnitude e )  

f )  F r i c t i o n  torque of the t es t  bearing 

g) Lubricant  f i l m  temperature 

The s h a f t  locus and s h a f t  and pad motion measurements are made by eddy c u r r e n t  d i s -  

placement sensors .  The performance of these senso r s  i s  not  a f f e c t e d  by whether 

t h e r e  i s  a i r  o r  s i l i c o n e  f l u i d  i n  the  gap between the probe t i p  and the  r e fe rence  

su r face  s i n c e  both are good d i e l e c t r i c s .  However, they a r e  a f f e c t e d  by temperature.  

The s h a f t  displacement  measuring probes a r e  mounted on r i n g s  loca ted  outboard from 

the  seal and scavenging r i n g s  on both ends of the  tes t  bear ing  where the  tempera- 

t u r e  remains nea r ly  uniform. The outputs  of t h e  two v e r t i c a l  probes a r e  averaged 

by adding them toge ther  using a summing a m p l i f i e r ,  and the  same i s  done f o r  t he  

two h o r i z o n t a l  probes.  

the  s h a f t  under dynamic load a t  high e c c e n t r i c i t y .  Four probes are mounted i n  

the  r i n g  i n  which the bear ing  p ivo t s  a re  mounted t o  measure p i t c h  and r o l l  

(Circumferent ia l -and a x i a l  o s c i l l a t i o n )  of one of the pads.  Two probes i n  a push- 

p u l l  arrangement feeding  i n t o  a summing ampl i f i e r  measure each motion. Temperature 

e f f e c t s  are minimized i n  t h i s  way. The instrumented pad can be put  i n  any p o s i t i o n  

r e l a t i v e  t o  the  s t a t i c  load by r o t a t i n g  the  bear ing  p i v o t  r i n g  i n  the  t e s t  bear ing 

housing. 

and h o r i z o n t a l  displacement of t h e  s h a f t  a t  t h a t  end. 

been c a l i b r a t e d  i n  a bench micrometer f i x t u r e  wi th  d i r e c t  reading  d i v i s i o n s  of 

one micron using the  same ma te r i a l  a s  the s h a f t  i s  made of f o r  the  r e fe rence  s u r -  

f a c e .  

0.002 inches  5 0.00005 inches per  v o l t .  

This  arrangement minimizes the  e f f e c t s  of any bending of 

- - _  _ _  - -I 
- - - -- ___ ___ _.- __ __ 

Two probes are mounted on the  support  bear ing  housing t o  measure  v e r t i c a l  

The displacement probes have 

The s e n s i t i v i t y  of a l l  probes was ad jus t ed  t o  give matched ou tpu t s  of 

P i e z o e l e c t r i c  c r y s t a l  f o r c e  gages a r e  used t o  hold the p ivo t  r i n g  of t he  t e s t  

bear ing  i n  p l ace  i n  t h e  housing i n  order  t o  measure the  dynamic f o r c e  t r ansmi t t ed  
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6 t o  t h e  bea r ing  from the  s h a f t .  The high s t i f f n e s s ,  5x10 l b / i n .  and g r e a t  s ens i -  

t i v i t y  t o  dynamic load changes, 10 mv/lb. ou tpu t ,  t oge the r  w i t h  h igh  s t a t i c - l o a d  

c a p a c i t y ,  5000 l b s . ,  of t hese  gages f i t  them extremely w e l l  f o r  t h i s  a p p l i c a t i o n .  

The f o r c e  gages a r e  c a l i b r a t e d  by applying known loads i n  known d i r e c t i o n s  t o  the  

s h a f t  through the  s t e a d y - s t a t e  load bear ing  w i t h  the  s h a f t  r o t a t i n g  and r eco rd ing  

the  r e a c t i o n  on the  osc i l l o scope .  

The s h a f t  locus  w i t h i n  the  test  bea r ing  i s  d isp layed  on one osc i l l o scope  by feeding  

the  h o r i z o n t a l  and v e r t i c a l  ou tpu t s  i n t o  t h e  x and y scope a x i s .  I n  a d d i t i o n ,  any 

p a i r  of dynamic components of s h a f t  motion, f o r c e ,  o r  pad motion can be switched 

i n t o  t h e  i n p u t s  of a second d u a l  t r a c e  osc i l l o scope  where they can be d isp layed  

on t h e  x-y axis o r  as two s i g n a l s  on a common t i m e  base. 

ters  s e t  f o r  band pass  ope ra t ion  a r e  placed ahead of t he  i n p u t s  t o  t h i s  o sc i l l o scope  

t o  e l i m i n a t e  unwanted high-frequency noise  o r  subharmonic s i g n a l s  caused by f r a c -  

t i o n a l  frequency w h i r l .  A s t r a i n  gage load c e l l  has  been added t o  t h e  attachment 

mount f o r  t h e  cab le  which a p p l i e s  t h e  s t a t i c  load t o  the  s h a f t .  This arrangement 

supp lan t s  measurement of load sp r ing  d e f l e c t i o n  as a means f o r  measuring and con- 

t r o l l i n g  t h e  s t a t i c  load magnitude. Rota t ing  load magnitude i s  determined by 

us ing  unbalance s l u g s  of known weight a t  a known r a d i u s  w i t h  a known r o t a t i o n a l  

speed. 

V a r i a b l e  e l e c t r o n i c  f i l -  

T e s t  bea r ing  f r i c t i o n a l  torque w i l l  be measured by a Lebow-strain gage t y p e ,  r o t a r y  

torque sensor  coupled i n t o  the  d r i v e  between the  motor and t h e  suppor t  bear ing  

end- -of _the sh-aft-. B2s-ed on- approximat-e ca lcu- la t ions  -Q€ t-esl; he.ilring L Q X ~ ~ L ,  a 
200 i n - l b .  (with 50 pe rcen t  pe rmis s ib l e  overload) u n i t  r a t e d  f o r  speeds up t o  

13 , 000 rpm w a s  s e l e c t e d  . 



PRELIMINARY EXPERIMENTS 

The only  f e a s i b l e  means f o r  ob ta in ing  p rec i se  t e s t  bear ing  torque measurements i n  

t h e  dynamic load tes t  r i g  r e q u i r e  t h a t  the torquemeter be i n s e r t e d  i n  the  d r i v e  

t r a i n  between the  d r i v e  motor and the  support-bearing end of t he  s h a f t .  This means 

t h a t  t h e  torquemeter w i l l  measure p a r a s i t i c  to rques  from t h e  suppor t  and loader 

bea r ings  a l s o .  Estimated torques  f o r  the t e s t  bear ings  and the  suppor t  and loader  

bear ings  w e r e  c a l c u l a t e d  and are given i n  F ig .  27. The t e s t  bear ing  torque was 

es t imated  from the  c h a r t s  of bear ing  f r i c t i o n  given i n  Reference 2 which are based 

on t h e  d a t a  of Wendt, Vohr, and Smith and F u l l e r .  

Torque f o r  t h e  bear ing ,  assuming laminar flow, w a s  obtained by us ing  the  r e s u l t s  

of Raimondi and Boyd (Ref. 9 ) .  The torques f o r  t he  b a l l  bear ings  used as load and 

suppor t  bear ings  were es t imated  us ing  the f r i c t i o n  c o e f f i c i e n t s  suggested by 

Palmgren. It i s  apparent  t h a t  t he  p a r a s i t i c  to rques  should be small  as compared 

t o  t h e  t es t  bea r ing  torque. S t i l l ,  e s p e c i a l l y  f o r  low speeds and h igh  loads ,  t h e  

pa ras i t i c  torques  may be n e a r l y  10 percent of t h e  t e s t  bear ing  torque .  A l s o ,  

from previous  experience wi th  t h e  r e l a t i o n s h i p s  used t o  e s t i m a t e  t e s t  bear ing  

to rque ,  i t  i s  expected t h a t  es t imated  torques w i l l  be on t h e  h igh  s i d e ,  perhaps 

a s  much a s  50 pe rcen t  h igh .  Therefore ,  i t  w a s  decided t o  perform some pre l iminary  

experiments i n  which the  p a r a s i t i c  torques would be determined. 

An e x t e r n a l l y  p re s su r i zed ,  gas- lubr ica ted  bear ing  was designed and f a b r i c a t e d  t o  

take  t h e  p l a c e  of t he  t e s t  bear ing .  

bear ing  i s  approximately 400 pounds f o r  a p re s su re  r a t i o  of 10. 

th reshold  speed f o r  w h i r l  f o r  t he  same p res su re  r a t i o  i s  38,000 rpm. This bear- 

i n g  has  been i n s t a l l e d  i n  the  apparatus and experiments t o  determine t h e  para- 

s i t i c  torque have begun. 

- .  __ - -. - 

Calculated s t a t i c  load capac i ty -o f  t h i s  

The computed 

Thus f a r  i t  h a s  been p o s s i b l e  t o  g e t  da ta  only  f o r  very low loads because t h e  

f a c i l i t i e s  which w i l l  supply l a r g e  volume flow of h igh  p res su re  gas t o  the  gas 

bear ing  a r e  no t  y e t  complete. 

t hese  a r e  given i n  F ig .  28. 

equat ion  has  been sub t r ac t ed  from t h e  t o t a l  torque t o  o b t a i n  the  p a r a s i t i c  t o rque .  

The r e s u l t s  a r e  i n  good agreement wi th  expec ta t ions .  

Data have been obtained f o r  a 50 pound load ,  and 

The gas bearing torque c a l c u l a t e d  us ing  t h e  P e t r o f f  



The performance of the apparatus, including instrumentation and e s e p c i a l l y  the 

torquemeter, was e n t i r e l y  sa t i s fac tory  during t h i s  experiment. 

l imited  to 8000 rpm because of concern over hydrodynamic i n s t a b i l i t y  of the gas- 

lubricated bearing a t  the low pressure r a t i o ,  about 3 . 0 ,  which could be obtained 

during t h i s  experiment. 

Operation was 

I 



-24- 

FLOW STABILITY EXPERIMENTS 

U s e  of Electrochemiluminescent Flow Visua l i za t ion  Technique f o r  t he  Study of Flow 
P a t t e r n s  i n  a Glass Jou rna l  Bearing w i t h  Close Clearances 

Chemiluminescence i s  the  genera t ion  of l i g h t  by pure ly  chemical means. E lec t ro-  

chemiluminescence i s  t h e  genera t ion  of  l i g h t  by chemical means wherein the  usual 

chemical c a t a l y s t  i s  rep laced  by an e l e c t r i c a l  s t imu la t ion .  This  l a t te r  process  

has  been shown by Howland, P i t t s  and Gesteland (Ref. 10) t o  be a very e f f e c t i v e  

means of d i s p l a y i n g  boundary l aye r  flow along s u r f a c e s  immersed i n  a chemiluminescent 

s o l u t i o n .  Apparently,  t he  process  works i n  the  fol lowing way. A p o t e n t i a l  d i f -  

f e r ence  i s  maintained between the  sur face  t o  be  s tud ied  and a r e fe rence  e l e c t r o d e  

loca ted  elsewhere i n  t h e  s o l u t i o n .  Flow of e l e c t r i c  c u r r e n t  s t i m u l a t e s  the  e m i s -  

s i o n  of a chemiluminescent glow r i g h t  a t  the  anodic su r face .  The i n t e n s i t y  of t h i s  

glow depends on the  r a t e  of mass t r a n s f e r  of f r e s h  r e a c t a n t s  i n t o  the  boundary 

l aye r  a long  the  anodic su r face .  Thus, i f  t he  boundary l aye r  i s  t u r b u l e n t ,  the 

t u r b u l e n t  edd ie s  show up as v a r i a t i o n s  i n  the  i n t e n s i t y  of t he  chemiluminescence. 

T e s t  photographs made by Howland, P i t t s  and Gesteland (Ref. 10) show t h a t  t h i s  

f low v i s u a l i z a t i o n  technique revea led  boundary l aye r  flow p a t t e r n s  w i t h  e x c e l l e n t  

c l a r  i t y  . 

The electrochemiluminescent  flow v i s u a l i z a t i o n  technique has  two c h a r a c t e r i s t i c s  

which make it appear promising f o r  studying flow p a t t e r n s  i n  bear ings .  The f i r s t  

i s  t h a t  t h i s  technique does no t  i n t e r f e r e  i n  any way w i t h  the  flow. This i s  of 

obvious importance i n  bear ings  where the c l ea rances  are very s m a l l  and where v i s u a l  

techniques involv ing  suspended par t ic les  would be  impossible t o  u s e .  The second 

advantageous c h a r a c t e r i s t i c  of the  electrochemiluminescent technique i s  t h a t  the  

glow i s  appa ren t ly  confined t o  an extremely t h i n  l a y e r  next  t o  t h e  anode su r face .  

Howland and co-workers have conjec tured  t h a t  a t  c e r t a i n  a l k a l i n i t y  l e v e l s  of the  

s o l u t i o n ,  the  glow may take  p lace  e n t i r e l y  w i t h i n  a few wavelengths of t he  su r face .  

This  a l s o  makes t h i s  v i s u a l i z a t i o n  technique i d e a l l y  s u i t e d  f o r  the  c l o s e  c l ea rances  

of bear ing  f lows.  

- -- - --- _-__ ____ _ _ _ _  . _ _  - _I - - - - ._ - 

The experimental  se tup  wi th  which we propose t o  s tudy bear ing  flows by e l e c t r o -  

chemiluminescence i s  shown schematical ly  i n  Fig.  29. The t r anspa ren t  g l a s s  bear ing  

simply w i l l  be a length  of p rec i s ion  bore Pyrex g l a s s  tub ing  of one inch I .D.  Such 



-25- 

t ub ing  i s  inexpensive and has very accura te ly  con t ro l l ed  to l e rances .  The i n s i d e  

s u r f a c e  of  t h i s  g l a s s  bear ing w i l l  b e  coated wi th  a t h i n ,  t r anspa ren t ,  vacuum 

depos i ted  l a y e r  of plat inum and w i l l  be the anodic  su r face  f o r  the  e lec t rochemi l -  

uminescent process ,  i . e . ,  t he  su r face  a t  which l i g h t  i s  generated.  The jou rna l  

w i l l  be an  accu ra t e ly  ground s t e e l  s h a f t ,  a l s o  plat inum p l a t e d ,  and w i l l  se rve  a s  

t he  cathode.  The ou te r  g l a s s  bear ing  w i l l  be supported by the  pivoted loading 

a r m  shown i n  Fig.  29. The jou rna l  w i l l  b e  d r iven  a t  speeds up t o  10,000 rpm by 

an  a i r  t u r b i n e  or  a coupled e l e c t r i c  d r ive .  The whole t e s t  bear ing  w i l l  be immersed 

i n  the  chemiluminescent s o l u t i o n  as shown. 

The r a d i a l  c l ea rance  between the  cy l inder  and the  j o u r n a l  f o r  the  i n i t i a l  expe r i -  

ment w i l l  be .005 inches,which r e s u l t s  i n  a c learance- to- rad ius  r a t i o  of C/R = .Ol. 

I n  l a t e r  experiments t h i s  may be reduced s t i l l  f u r t h e r .  

Although t h e  electrochemiluminescent v i s u a l i z a t i o n  technique appears  promising w i t h  

regard  t o  s tudying bear ing  f lows,  t he re  are s t i l l  a number of f a c t o r s  which may 

negate  or  l i m i t  i t s  f e a s i b i l i t y  f o r  l u b r i c a t i o n  s t u d i e s .  The most c r i t i c a l  unknown 

f a c t o r  concerns t h e  t i m e  scale of t h e  turbulence.  Since the  j o u r n a l  w i l l  b e  ro- 

t a t i n g  very r a p i d l y  a t  cond i t ions  of turbulence,  t h e  frequency of the  tu rbu len t  

f l u c t u a t i o n s  and hence the ra te  of change of random tu rbu len t  f low p a t t e r n s  may 

b e  too r ap id  t o  be photographed. Prel iminary t e s t i n g  of t he  electrochemiluminescent  

technique w i l l  be a c r r i e d  ou t  t o  t r y  t o  answer t h i s  and o the r  ques t ions  before  

c o n s t r u c t i n g  the  t es t  r i g  shown i n  F ig .  2 9 .  I n  any case ,  t h i s  t e s t  r i g  w i l l  no t  

5 - a  €&-&bid-- - be expensive , -and Tt is be-neved that- t l - r e r w  

chemiluminescent technique is  such as t o  make i t  worthwhile t o  spend some t i m e  

i n v e s t i g a t i n g  i t .  

-. _- __ ___  

Torque Measurements t o  Determine Flow I n s t a b i l i t i e s  Between Eccent r ic  Cyl inders  
w i t h  Close Clearance 

A s  mentioned e a r l i e r  i n  t h i s  s e c t i o n ,  the experiments on flow s t a b i l i t y  performed 

a t  MTI las t  year  included d e t e c t i o n  of the  onse t  of Taylor v o r t i c e s  by torque 

measurements and a l s o  measurement of f r i c t i o n  f a c t o r s  a t  d i f f e r e n t  e c c e n t r i c i t i e s .  

The measured c r i t i c a l  speeds f o r  onse t  of Taylor v o r t i c e s  were not i n  good quant i -  

t a t i v e  agreement wi th  the  s impl i f i ed  t h e o r e t i c a l  p r e d i c t i o n s  of D i P r i m a  (Ref. 3) , 
the  t h e o r e t i c a l  va lues  of c r i t i c a l  speed being s u b s t a n t i a l l y  lower than measured 
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va lues .  This discrepancy may be due t o  i n e r t i a  e f f e c t s  i n  the  flow t h a t  are n o t  

cons idered  i n  the  t h e o r e t i c a l  a n a l y s i s .  A t  t he  Taylor c r i t i c a l  speed, t h e  r a t i o  of 

i n e r t i a  terms t o  v iscous  terms i n  t h e  equat ions  of motion for t he  flow are pro- 

p o r t i o n a l  t o  C / R .  To see i f  i n e r t i a  e f f e c t s  were s i g n i f i c a n t  i n  the  flow s t a b i l -  

i t y  experiments performed l a s t  year  a t  MTI, it i s  planned t o  r e p e a t  t hese  exper i -  

ments a t  a s u b s t a n t i a l l y  reduced C/R r a t i o ,  namely C/R = .01. 

complished w i t h  t h e  p r e s e n t l y  e x i s t i n g  f l o w - s t a b i l i t y  t es t  r i g  us ing  a new, c l o s e  

c l e a r a n c e ,  aluminum, o u t e r  c y l i n d e r .  

This  w i l l  be ac- 

I n  a d d i t i o n  t o  measuring Taylor vo r t ex  c r i t i c a l  speed wi th  the  c lose -c l ea rance  

c y l i n d e r  , f r i c t i o n  f a c t o r  measurements w i l l  a l s o  be made a t  d i f f e r e n t  e c c e n t r i c i -  

t i e s .  For concen t r i c  c y l i n d e r s  ( inner  cy l inde r  r o t a t i n g )  t h e  f r i c t i o n  f a c t o r  i s  

approximately p ropor t iona l  t o  (C/R) . For e c c e n t r i c  c y l i n d e r s  i t  i s  n o t  know 

how the  f r i c t i o n  f a c t o r  depends on C / R .  The proposed c lose -c l ea rance  f r i c t i o n  . 

f a c t o r  measurements combined w i t h  t h e  previous MTI f r i c t i o n  f a c t o r  measurements 

should i n d i c a t e  what t h i s  dependence i s .  

0.2 

' 

It should be pointed o u t  t h a t  once the dependence of Taylor c r i t i c a l  speed and 

e c c e n t r i c  f r i c t i o n  f a c t o r  on C / R  i s  approximately e s t a b l i s h e d ,  t h e  r e s u l t s  of t he  

MTI flow s t a b i l i t y  experiments can  b e  ex t r apo la t ed  t o  a c t u a l  bea r ing  c l ea rance  

r a t i o s .  

V i s u a l  Study of Flow S t a b i l i t y  i n  Par t ia l -Arc  Bearing Conf ipura t ion  

Flow s t a b i l i t y  w i l l  b e  s tud ied  v i s u a l l y  f o r  a p a r t i a l - a r c  bear ing  conf igu ra t ion  

w i t h  a r e l a t i v e l y  l a r g e  r a d i a l  c l ea rance ,  i . e . ,  C = 1/16 inch .  These experiments 

w i l l  be  conducted us ing  t h e  p r e s e n t  flow s t a b i l i t y  t e s t  r i g  w i t h  a new p a r t i a l - a r c  

o u t e r  c y l i n d e r ,  t h e  des ign  f o r  which i s  shown i n  F ig .  30.  This new o u t e r  c y l i n d e r  

w i l l  c o n s i s t  b a s i c a l l y  of a s o l i d  aluminum c y l i n d e r  w i t h  an 80 degree p a r t i a l - a r c  

P l e x i g l a s  bea r ing  mounted c o n c e n t r i c a l l y  w i t h i n  i t .  

c u t  away o u t s i d e  of t he  P l e x i g l a s  p a r t i a l - a r c  t o  permit viewing of t he  flow p a t t e r n  

through t h e  P l e x i g l a s .  Flow v i s u a l i z a t i o n  w i l l  be by means of a suspension of 

f i n e  aluminum powder i n  s i l i c o n e  o i l .  Five p re s su re  t a p s  w i l l  be used t o  measure 

t h e  p re s su re  d i s t r i b u t i o n  c i r c u m f e r e n t i a l l y  along the  bear ing .  

of t h e  p a r t i a l - a r c  bear ing  w i l l  be approximately two f e e t .  

v o r t i c e s  and turbulence  a t  va r ious  converging and d ive rg ing  geometries of t h i s  

p a r t i a l - a r c  bear ing  w i l l  be  s tud ied  and t h e  r e s u l t s  compared w i t h  theory .  

-_ - - - -_ - _ _ _  - . - _  - -  _ _  - _  ___ 

The aluminum c y l i n d e r  w i l l  be 

The a x i a l  l eng th  

The onse t  of Taylor 
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FUTURE WORK 

Pre l iminary  s t u d i e s  prepara tory  t o  development of a t h e o r e t i c a l  a n a l y s i s  of the  

f l o a t i n g - r i n g  bear ing i n  t h e  tu rbu len t  flow regime have j u s t  begun. Some d i f f i -  

c u l t i e s  have become apparent  b u t  t h i s  ana lys i s  should be completed i n  the  next  

q u a r t e r  . 

Determinat ion of t he  p a r a s i t i c  torque c h a r a c t e r i s t i c s  of t he  dynamic load bear ing  

appara tus  should be completed i n  the next month. The t i l t i n g - p a d  tes t  bear ing  

should then  be a v a i l a b l e  and the  measurements of bear ing  s t a t i c  and dynamic load 

c h a r a c t e r i s t i c s  can begin.  Design of the f l o a t i n g - r i n g  t e s t  bear ing  w i l l  be com- 

p l e t e d  and f a b r i c a t i o n  w i l l  begin dur ing  the  next  q u a r t e r .  

Ma te r i a l s  have been ordered f o r  prel iminary experiments t o  eva lua te  the  f e a s i b i l -  

i t y  of t h e  electrochemiluminescent technique f o r  flow v i s u a l i z a t i o n  between c l o s e  

c l ea rance  c y l i n d e r s .  Construct ion of the tes t  r i g  shown i n  F ig .  30 w i l l  awai t  

t he  r e s u l t s  of t hese  pre l iminary  tests. The measurements of torque between c lose -  

c l ea rance  c y l i n d e r s  and the  s tudy of flow between a r o t a t i n g  inner  cy l inde r  and a 

part ia l -arc  ou te r  su r f ace  w i l l  be  performed a f t e r  the  electrochemiluminescent 

s t u d i e s .  
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APPENDIX A 

NUMERICAL ANALYSIS FOR LINEARIZED, TURBULENT, INCOMPRESSIBLE, FULL AND 
PARTIAL JOURNAL BEARINGS 

This section &%ribes the Reynolds equation for linearized turbulent 

lubrication theory and its finite difference form. Boundary conditions 

are given for the full journal and partial arc bearing. Expressiom of flow 
and torque are given. Finally, the iteration convergence and extrapolation 

are discussed in detail. 

Reynolds Equation for Turbulent Lubrication 

L e t  the flow per inch in the fluid film be denoted Q with the component 

and Q . Then, from the thin film approximation of Stokes Eq. (see Ref.11). 
Q, 2 

where - 
P = pressure, psi 

h = film thickness, inch 

1 = viscosity of lubricant, lb.sec/in 

- 

2 

R = journal radius, inch 

(u = angular velocity, radlsec. 

Gx,GZ = flow parameter, Equal to - for laminar flow and for 1 
12 

turbulent flow, they are functions of Reynolds Number 

(linearized theory) and pressure gradient in the flow 

direction as well perpendicular to it, (non-linear theory) 

see References 5 and 12. 

The continuity equation gives: - 

( 3 )  



Introduce Eqs. (1) and (2) 

( 4 )  

To make dimensionless, set 
- 

h = h/C = 1 + E COS ( 8  - @) 

P = P/p N (z) 
x = x/D z ' =  z/L 8 = x/R = 2x 

R 2  - 
o = 2rrN 

- - - 

Hence the dimensionless Reynolds Equation has the form. 

Finite Difference Equations: - 

The Reynolds Equation is solved numerically by finite difference methods. 

The bearing film is subdivided into a mesh shown in the.figure below. Eq. (5) 

can be written in the finite difference form. 
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The boundary condi t ions  a re :  - 

i = l  P l Y j  = 0 
- 

'n+2,j- 'n,j 
i = n+€- 

p a r t i a l  a r c  
f u l l  j o u r n a l  

j=1 
i ,m+l 

= ' ou t le t  p a r t i a l  a r c  pi ,m+l 
j = n+l ip,,, f u l l  j ou rna l  

- i , j  If ('i , j ' ca lcu la ted  < ' cavi ta t ion-  'i j - ' cav i ta t ion  

The p res su re  i s  i n i t i a l l y  set equal t o  zero  and 

i t e r a t i o n .  Pressure  d e r i v a t i v e s  a r e  found from the  p re s su re  d i s t r i b u t i o n  

and they w i l l  be used t o  compute t h e  dimensionless f r i c t i o n a l  fo rce  and 

flow. 

Eq.(..6) i s  then solved by 

The load ca r ry ing  capac i ty  i s  ca l cu la t ed  f r m  

1 - 9  
(7)  f = -2  J2 J Out P COS (9-9) dxdz = -& * AZ iC. Pi COS (9 .- 4) 

r O *in J J  7 j  ~ J J  

1 - 9  
(8) f t  = 2 1; JgoUtp s i n  (9-0) dxdz = & * AZ i , j  P i , j  s i n  (ei - 4)  

, j  i n  

-1 = t a n  @talc 

where f i s  the  dimensionless r a d i a l  force  component, f i s  t h e  t a n g e n t i a l  com- 

ponent, S i s  the  Sommerfeld number and 4calc i s  t h e  c a l c u l a t e d  a t t i t u d e  angle .  
r t 
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The i n d i c a t e d  s m m a t i o r s a r e  computed by Simpson r u l e  of i n t e g r a t i o n ,  i. e. ,  

3 
i n t e r v a l  i s  i n t e g r a t e d  by -[5P1 + 8P2 - P3] . 
are made a t  t h e  boundary t o  t h e  ruptured f i lm .  

A I P l  + 4p2 + 2p3 + 4p4 + -------- 3 and i f  e i t h e r  m o r  n are odd t h e  f i r s t  
1 

12A I n  a d d i t i o n  end co r rec t ions  

The dimensionless  flow components are expressed by 

1 D 2 2 n 3  aP (-1 so h GZ a, de 
QZ -- - -  

RCNL - 2 L  

And t h e  dimensionless  f r i c t i o n a l  fo rce  is  def ined  a s ,  

2 

where * * 1  
= T  + - grad P 

?W c 2  

.k 2 
T C = p V C f / 8  

3 . ( - -  h a P  
Re l o c a l  2n ae grad P = 

J r 2  
C, = 87 / R e  and T* = Tg2/pv 

During t h e  computation of t h e  w a l l  shear  stress i t  i s  t o  be noted t h a t  t h e  

c a v i t a t i o n  is  taken i n t o  cons ide ra t ion ,  e . g .  when t h e  p re s su re  i s  ze ro  o r  
nega t ive ,  t h e  area would be reduced by the  r a t i o  of hmin/hlocal t o  t ake  c a r e  

of t h e  a r e a  r educ t ion  due t o  c a v i t a t i o n .  It i s  a l s o  known as t h e  s h e a r  e f f e c t  

i n  c a v i t a t i o n  which can be v e r i f i e d  e a s i l y  from continuity'considerations. 

Also  t h e  f r i c t i o n a l  c o e f f i c i e n t  i s  given i n  t h e  form of 2?/pV2 which is  con- 

v e n t i o n a l l y  used t o  s tudy  t h e  flow between r o t a t i n g  c y l i n d e r s .  

f i n i t i o n s  

The de- 

of Gx, @=, and C f 2  are given i n  Reference 5 .  
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I t e r a t i o n  Convergence and Ext rapola t ion  

The convergence of t h e  pressure  i t e r a t i o n  i s  t e s t e d  by two methods, which s h a l l  

be  denoted r e l a t i v e  convergence and absolu te  convergence. The re la t ive con- 

vergence i s  t e s t e d  a s  follows: a f t e r  the  k ' t h  p re s su re  i t e r a t i o n  compute: 

-. 

R = %  

where 6 

convergence has been achieved. 

i s  given by t h e  inpu t .  When 4 becomes ze ro  or nega t ive  then  re la t ive 
R 

To compute t h e  abso lu te  convergence t h e  fol lowing c r i t e r i a  i s  chosen. A f t e r  

each i t e r a t i o n  t h e  sum of t h e  pressures  are  computed. L e t  t h e  r e s u l t  f o r  

t h e  k ' t h  i t e r a t i o n  be denoted: 

Assume t h a t  a f t e r  i n f i n i t e l y  many i t e r a t i o n s  t h i s  sum w i l l  be  y and set: 

(A and B cons tan ts )  

koo 
- Bk - A e  - 

'k - 'koa 

from which: 

i s  c a l c u l a t e d  a f t e r  each i t e r a t i o n  (except ions ,  see l a t e r )  and t h e  abso lu te  'koa 
convergence is  computed from: 

(12)  'koa - 'k - EA = aA 
yk 

where 6 i s  given by t h e  inpu t .  When A becomes zero  o r  nega t ive  a b s o l u t e  

convergence has been achieved. 
A A 

I n  o rde r  t o  o b t a i n  complete convergence, both r e l a t i v e  and abso lu te  Convergence 

must be s a t i s f i e d .  Equations ( 9 ) ,  (11) and (12 )  are p r i n t e d  as output  a f t e r  

each i t e r a t i o n .  Equation (11) se rves  an a d d i t i o n a l  purpose,  namely t o  e x t r a p o l a t e  

t h e  p re s su re  d i s t r i b u t i o n .  When yk becomes a smooth curve and s t a r t s  t o  level 
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off then a new extrapolated pressure distribution is calculated from 

'k 
and the pressure iterations proceed from this new distribution either until con- 

vergence i s  achieved or until y 

may be used once more. 

again becomes sufficiently smooth that Eq.(13) k 

It remains to define the criteria for ttsmoothness". 
is not calculated for the first 2 iterations or for the 2 iterations following 

a pressure extrapolation. In these cases the computer output shows: 

As applied to Eq.(ll) ykoo 

5 = 10 'km 
( 1 4 )  

A, = 1.0 

Furthermore y 

with decreasing gradient, i.e.: 

is  not calculated if the y -curve is not monotonely increasing koo k 

Graphically: 
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S i m i l a r l y ,  Eq.(13) i s  not  a p p l i e d  u n t i l  y 

determined by t h e  input  i t e m  6 

betweentwo consecut ive y 

t h e  y -curve must be increas ing .  Hence, t h e  c r i t e r i a  f o r  e x t r a p o l a t i o n  becomes: 

i s  %mooth". Bas ica l ly  t h i s  i s  koo 
which s p e c i f i e s  how small t h e  r e l a t i v e  d i f f e rence  ex 

must be f o r  ex t r apo la t ion  t o  be performed. I n  a d d i t i o n  k m  

koo 

When these  equat ions a r e  I s a t i s f i e d  Eq. (13) i s  

(18) 'km - 'k-l,Oo < 
1 -  ex b) a _ < (  

'koa 

c )  A, f 1.0 
~. 

performed, otherwise no t .  I -  
dl 2 4 *  (k - kext rapola t ion  ) 2 4 J  
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NOMENCLATURE FOR APPENDIX A 

C Radial clearance, inch 

D Journal diameter, Inch 

F Force, lbs. 

F Dimensionless Frictional Force 

f Friction coefficient = F/W 

fr,ft 

fv' fh 
h Dimensionless film thickness 

i,j Finite difference coordinates, axial and circumferential 

k Iteration number 

L Bearing length, inch 

m Number of circumferential subdivisions 

n Number of axial subdivisions 

N Journal speed, RPS 

P Dimensionless pressure (above ambient) 

Qx,Qz Flow in x,z direction 
R Journal radius , inch 
S Sommerfeld number 

t Time, seconds 

x,z Circumferential and axial coordinates, dimensionless 

yk 

- 

Radial and tangential force components, dimensionless, see Fig. 2 .  

Vertical and horizontal force components, dimensionless, see Fig. 2. 

Sum of all pressures after the k'th iteration, see Eq.(lO) 

Extrapolated pressure sum after the k'th iteration, see Eq. (11) %oo 
a Attitude angle, degrees 

& Tangential speed of journal center rad/sec. 

Absolute convergence limit, see Eq. (12) 

Relative convergence limit, see Eq. (9) 

Error in absolute convergence, see Eq. (12) 
Error in relative convergence, see Eq. (9) 

6R 

+ 
E Eccentricity ratio 

6 
e Circumferential angular coordinate, See Fig. 2 

CL Viscosity, lbs-sec/in 

0) Angular speed of journal, rad/sec. 

-1 Radial speed of journal center, sec 

2 
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APPENDIX B 

DYNAMIC LOAD ANALYSIS OF THE TILTING PAD BEARING 

Steady S t a t e  Equi l ibr ium 

Refe r r ing  t o  F ig .  B-1, l e t  t he  cen te r  of t he  t i l t i n g  pad bear ing  be 0 The 

bea r ing  i s  made up of a number of t i l t i n g  pads, t he  a r b i t r a r y  pad having the  

p ivo t  po in t  P loca ted  i n  an angle  \Ir from the  v e r t i c a l  load l i n e .  The pad i s  

f r e e  t o  tilt around the  pivot  po in t  which f o r  convenience is assumed t o  be lo -  

ca t ed  on t h e  su r face  of t h e  pad. The s teady s ta te  p o s i t i o n  of t he  j o u r n a l  c e n t e r  

i s  0 which i s  t h e  o r i g i n  of two f i x e d  coordinate  systems: t he  x-y-system 

(x-axis  v e r t i c a l  downward, y-axis  ho r i zon ta l )  and t h e  t-T-system ( t h e  &-axis  

passing through t h e  p ivot  p o i n t ) .  The loca t ion  of 0 wi th  r e s p e c t  t o  t h e  bear ing  

c e n t e r  i s  g iven  by t h e  e c c e n t r i c i t y  0 0 = e = C E and the  a t t i t u d e  angle  (0 . 
The s t eady  s t a t e  p o s i t i o n  of the  pad center  i s  des igna ted  0 such t h a t  t he  

j o u r n a l  c e n t e r  e c c e n t r i c i t y  wi th  r e spec t  t o  t h e  pad i s  determined by 0 0 

The corresponding a t t i t u d e  angle  i s  (0. The hournal  r a d i u s  i s  R ,  t he  r a d i u s  of 

t he  pad i s  OnP = RSC and t h e  r a d i u s  of the c i r c l e  passing through a l l  p ivo t  p o i n t s  

w i t h  c e n t e r  i n  0 i s  0 P = RSC' .  

B '  

J 

J I 

B J  o 0 0 

n 
= e = CE n J  

B B 

0 0 i s a  

Pr o j ec t ing 
no n 

The po in t  0 i s  the  c e n t e r  of curvature  of the  pad w i t h  no t i l t i n g .  Hence, no 
c i r c u l a r  arc, or  f o r  s m a l l  motions, a l i n e  perpendicular  t o  0 P. 

0 on 0 P y i e l d s :  
no 

J no 
n I  nl  u u  

E o C 0 S  (* - @O) cos  (0 = 1 - - - - c C' 
This  equat ion  con ta ins  th ree  unknowns, namely E ,  (0 and (0 s i n c e  E i s  the  inde- 

pendent v a r i a b l e .  

on the  pad passes  through the  p ivot  point  which e s t a b l i s h e s  a r e l a t i o n s h i p  

between E and @ ( i .e .  the  j o u r n a l  cen ter  locus w i t h  r e s p e c t  t o  the  pad). The 

t h i r d  r e l a t i o n s h i p  i s  the  requirement t h a t  t h e  t o t a l  h o r i z o n t a l  f o r c e  com- 

ponent ( i n  t h e  y - d i r e c t i o n ) ,  summed over a l l  pads,  i s  zero: 

0 0 

The second equat ion  derives from the  requirement t h a t  t he  f o r c e  

pads 
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Eq. ( 2 )  i s  u s u a l l y  used t o  determine (0 by t r i a l - a n d - e r r o r  as follows: f o r  a 

p a r t i c u l a r  case  E 

of a. c a l c u l a t e  ECOS@ f o r  each pad, determine t h e  pad fo rces  F from a v a i l a b l e  

pad d a t a  and p l o t  C Fs in  $ 

t h e  d e s i r e d  va lue  of '4 . 

0 

9 are known i n  E q . ( l ) .  For s e v e r a l  assumed va lues  
0' c 

as a func t ion  of '4 . The zero po in t  determines 
0 

0 

This  procedure i s  a t  b e s t  t ed ious .  It becomes very  complicated i f  t h e  p i v o t  

po in t  i s  Rot i n  t h e  c e n t e r  of t h e  pad i n  which case t h e  pad f o r c e  F can be a 

mul t iva lued  func t ion  of E C O S ' ~ .  However, when t h e  p ivo t  po in t s  are loca ted  

symmetr ical ly  w i t h  r e spec t  t o  t h e  v e r t i c a l  load  l i n e  through t h e  bea r ing  c e n t e r  

OB then  4 = 0. A f u r t h e r  s i m p l i f i c a t i o n  arises when t h e  p ivo t  po in t  i s  i n  t h e  

c e n t e r  of t h e  pad s i n c e  t h e  pad fo rce  F then i s  uniquely determined by ECOS@. 

The a n a l y s i s  r equ i r e s  only t h a t  E and 4 a r e  known f o r  each pad. How t h e s e  values  

have been a r r i v e d  a t  i s  immaterial i n  s o  f a r  as t h e  a n a l y s i s  i s  concerned. 

0 

Fixed Pad Coef f i c i en t s  

I n  o rde r  t o  determine t h e  s p r i n g  and damping c o e f f i c i e n t s  f o r  t h e  complete tilt- 

i n g  pad bea r ing  it i s  necessary t o  know the  fo rces  and t h e i r  d e r i v a t i v e s  f o r  

each pad a s  i f  t h e  pad w a s  f i xed .  Under s t eady  s t a t e  condi t ions  t h e  jou rna l  c e n t e r  

has t h e  e c c e n t r i c i t y  r a t i o  E and the  a t t i t u d e  ang le  '4 with r e spec t  t o  t h e  pad 

c e n t e r .  The f l u i d  f i l m  pad fo rce  has the components F and F and under s t eady  

s t a t e  cond i t ions  t h e  r e s u l t a n t  fo rce  passes through t h e  p i v o t  p o i n t ,  i . e .  

and F = 0, see Fig.  1. Thus F denotes the  load on t h e  pad. Usual ly ,  t h e  fo rce  

i s  reso lved  a long  t h e  r a d i a l  and t h e  t a n g e n t i a l  d i r e c t i o n s  wi th  t h e  components 

F and Ft,  r e s p e c t i v e l y ,  see Fig .1 .  Hence: 

5 7 

F5 = -F 

7 

r 

(3) 

For in f in i t e s ima l ly  s m a l l  motion around t h e  s t eady  s t a t e  p o s i t i o n  t h e  dynamic 

forces  become from Eq. (3):  



Fig. B 1 Coordinate System for Analysis 
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The infinitesimal 

coordinates (5, S )  : 

dynamic motion of the journal center is described by the 

5 = d(ecos@) 11 = d(esin9) 

or 

The velocities transform similarly: 

The dynamic force components dFr and dF 

the dynamic amplitudes. From Reynolds equation it can be shown that the 

fluid film force F can be written (Refs. 11, 13): 

may be expressed in terms of t 

where: 

1 (9) F = - 
sP 

(Pad Sommerfeld Number) pNDL R 2 
(10) sp = F (E) 

Theref ore: 



Now: 

because a t  t h e  equi l ibr ium p o s i t i o n  E = @ = 0. Hence, E q . ( l l )  reduces to: 

Eq.(12) a p p l i e s  t o  both Fr and Ft. 

f o r c e s  be denoted t o  f and f as def ined by Eq.(7).  Thus, by s u b s t i t u t i o n  

of Eq.(12) i n t o  Eq.(4): 

Le t  t h e  corresponding dimensionless  

r t 

Define t h e  f i x e d  pads s p r i n g  and damping c o e f f i c i e n t s  by: 

A ' F 9  = -Y3'5T 
(14) 

= -k , fJ  -Qyr< -k,,7 -c1,'1 
To determine t h e  8 c o e f f i c i e n t s ,  s u b s t i t u t e  Eq.(5)  and ( 6 )  i n t o  Eq. (13) 

and c o l l e c t  t h e  terms i n  accordance with Eq.(14) t o  get :  



where: 

(24 )  f q  = 0 

and a l l  fo rces  and d e r i v a t i v e s  a r e  ca l cu la t ed  f o r  t h e  given s teady  s t a t e  

pos i t i on .  def ined by E. 

T i l t i n p  Pad Coef f i c i en t s  

Re fe r r ing  t o  Fig.  B1, 0 i s  t h e  s teady  s t a t e  p o s i t i o n  of the pad c e n t e r .  Under n 
dynamic load  the  pad c e n t e r  o s c i l l a t e s  around 0 with t h e  amplitude ?$, such t h a t  n 

r ep resen t s  t h e  dynamic t i l t i n g  angle of t h e  pad (5 i s  t h e  d i s t a n c e  from 

t h e  a c t u a l  pad p ivo t  t o  t h e  pad cen te r ) . ’  The moment on t h e  pad f r a n  t h e  f l u i d  

f i l m  p res su re  i s  -$dFq. 

I t h e  equat ion  of motion bebomes: 

Therefore ,  i f  the  mass moment of i n e r t i a  o f  t he  pad i s  

.. 
Qr? 

I Rp = -% dFq 
o r  

where: 
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Thus, under dynamic condi t ions  rl should be  rep laced  by ( V - \ )  i n  Eq.(14). 
orde r  t o  e l i m i n a t e  l-+ s u b s t i t u t e  t h e  expression f o r  dF 

I n  

i n t o  Eq.(26): 
9 

L e t  t h e  dynamic motion of t h e  jou rna l  cen ter  around t h e  s t eady  s ta te  p o s i t i o n  

be harmonic: 

i co t  
(29) e 

Hence, s o l v e  Eq. (28): 

Thus, r ep lac ing  9 by (9-$) Eq. (14) becomes: 

where K i t ,  C i t  e tc . ,  are t h e  s p r i n g  and damping c o e f f i c i e n t s  f o r  the t i l t i n g  

pad and given by: 



I f  t h e  pad has no i n e r t i a ,  i,e. M=O, only K '  and WC' remain as would be 

expected . 55 55 

Bearing Spr inp  and Damping Coef f i c i en t s  

Having determined t h e  s p r i n g  and damping c o e f f i c i e n t s  f o r  t h e  i n d i v i d u a l  

t i l t i n g  pads it remains t o  combine them i n t o  t h e  o v e r a l l  bear ing  c o e f f i c i e n t s .  

The coord ina te  system f o r  t h e  bea r ing  i s  t h e  x-y-system, see Fig .  ~ 1 ,  wi th  

t h e  coord ina te  t ransformation:  

where dF and dF are t h e  dynamic forces  measured i n  t h e  x-y-system. The bea r ing  

s p r i n g  and damping c o e f f i c i e n t s  a re  def ined by: 
X Y 

= - K  X - C  X -  KxyY - CXYY 
dFX xx xx 

(44) 
C X - K  Y - C  Y 

dF Y = -KYxy - YX YY YY 

Thus, s u b s t i t u t i n g  Eq.(42) and ( 4 3 )  i n t o  Eq. ( 3 3 )  and grouping terms i n  accordance 

wi th  Eq. (44) yie lds :  

2 2 cos Jr + K '  s i n  $ - (K '  + K '  ) cos@ sin* 
Kxx = 77 57 75 (45) 

2 2 w = WC' cos  + CUC-' s i n  $-(wc' + WC'  ) cos$ s in$ 
xx 55 737 57 75 (46 1 
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2 2 (47) K = Kii cos $ -K' sin $ + (K' - K' ) cos$ sin$ 

( 4 8 )  Coc = Coc' cos 9 - Coc' sin2$+ (ai5- cos$ sin$ 

( 4 9 )  K 

XY q5 55 1111 

2 
XY 511 76 

-K' sin% + (~i[- K;~) cos$ sin$ 2 
511 = K& COS $ 

YX 

(51) K = K' cos% + Kit sin5 + (KiT + K' ) cos$ sin$ 
YY 1111 115 

(52) Coc = Cot;,, cos 2 9 Wit sin 2 $+(WC' + W C '  ) cos$ sin$ 
YY 511 75 

A summation over all the pads making up the bearing gives the bearing spring 

and damping coefficients. 

to: 

If the pads have no inertia the equations simplify 

2 cos 9 Kxx = 

K = K  cos$ sin$ CUC = Coc = WC~. cos$ sin$ 
K = Kit sin $ 

(54) xy yx = "is XY YX 
2 

UC = sin $ 2 
YY YY 

Thus, for symmetry around the x-axis and no pad inertia,the cross-coupling 

terms disappear. 

- ra6 Kotion 

The pad motion is given by Eq.(30) which can also be written: 

Let qo = T$, for M = 0, i.e. for no pad inertia: 

Then: 
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or:  

- 2  2 + P M W ~ ) ~  + (QMu 

Eq.(58) g ives  t h e  amplitude r a t i o ,  i . e .  the magni f ica t ion  f a c t o r ,  and 

Eq. (59) g ives  t h e  phase angle  l a g  wi th  r e spec t  t o  a i n e r t i a l e s s  pad. 

Thus t h e  two equat ions  i n d i c a t e  how w e l l  t h e  pad fol lows t h e  s h a f t  motion 

The phase a n g l e  becomes 90' when: 
c) c) 

Hence, i f  t h e  pad m a s s  s a t i s f i e s  Eq.(60) t h e r e  w i l l  be a resonance of t h e  

pad motion. 

It i s  convenient  t o  use Eq.(60) t o  e s t a b l i s h  a va lue  f o r  M y  des igna ted  t h e  

c r i t i c a l  m a s s .  I n  dimensionless  form Eq. (60) may be wr i t t en :  

where S i s  t h e  bear ing  Sommerfeld number. 
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NOMENCLATURE FOR APPEmIX -4 

C Pad clearance (radius of curvature of pad minus journal radius)inch. 

C' Pivot circle clearance (radius of pivot circle minus journal radius)in. 

,C' Bearing damping coefficients, lbs sec/in. 
cxx sexy , cyx yy 

cg ''tvcs5 Fixed pad damping coefficients, lbs.sec/in. 

C i 5  ,Ciq,C& ,C,!,,., Tilting pad damping coefficients, lbs. sec/in. 

D Journal diameter, inch 

e Journal center eccentricity with respect to pad center, inch. 

e Journal center eccentricity with respect to bearing center, inch. 

F Load on pad, lbs. 

0 

Radial and tangential components of pad load, lbs. 

Components in 5 and Vdirection of pad load, lbs.(see Fig.1) 

Fr yFt 

F5 'Fq 
f = F/h, dimensionless pad force 

fr'ft 

f f  5' q 
I Transverse mass moment of inertia of shoe around pivot,lbs.in.sec 

Radial and tangential components of dimensionless pad force 

Components in 5 and q-direction of dimensionless pad force 
2 

Bearing spring coefficients, lbs/in. Kxx'Kxy'Kyx ,Kyy 

5yK&'K;5 SK;tl 

K L L , K L  .K._ , .K- -  Fixed pad spring coefficients, lbs/in. 

K' Tilting pad spring coefficients, lbs/in. 

L Bearing length, inch 

M 

Merit 
N Rotational speed of journal, RPS 

P ,Q Coefficients defined by Eqs. (31)  and (32) 

R Journal radius, inch 

<< 511- 'i4 ~ 1 1 ' 1  

2 2 
= I/% , equivalent pad mass, 1bs.sec /in. 
Value of equivalent of pad mass to cause pad motion resonance,lbs.sec /in 2 

Radius from pad center to actual pivot point of pad, inch Rp 



S 

sP 

W 

E 

E -  
O 

rlp 

9O 

A. 
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= (pNDL/W) - (R/C)2 ,  bearing Sommerfeld number 

= (pNDL/F) (R/C)2, pad S m e r f e l d  number 

Bearing load ,  lbs. 

Coordinates of j ou rna l  cen ter  wi th  r e s p e c t  t o  the  bearing,.  
see Fig .  1,inch. 

= e/C, e c c e n t r i c i t y  r a t i o  wi th  r e spec t  t o  the  pad c e n t e r  

= e o / C ,  e c c e n t r i c i t y  r a t i o  wi th  r e s p e c t  t o  t h e  bear ing  c e n t e r  

Amplitude f o r  pad center  motion, see Fig.  1 inch 

Amplitude of t h e  cen te r  of a massless pad, inch 

= (pRL/n) - (R/C) bear ing c o e f f i c i e n t  

Lubricant  v i s c o s i t y ,  l b s . s e c / i n  

2 

2 

Coordinates of j ou rna l  cen te r  with r e spec t  t o  t h e  pad, see Fig .1  

A t t i t u d e  angle  wi th  respec t  t o  t h e  pad load l i n e ,  rad ians  

A t t i t u d e  ang le  wi th  respec t  to t h e  bear ing  load l i n e ,  r ad ians  

Angle from v e r t i c a l  (negat ive x-ax is )  t o  pad p ivo t  p o i n t ,  
s e e  Fig.  1. inch 

Angular speed of s h a f t ,  r a d i a d s e c .  
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Fig. 2 Schematic of Ti l t ing  Pad Bearing. 
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Fig. 3 Geomekrical Arrangement of Pads 
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Fig. 18 Dimensionless Flow versus Sonrmerfeld No. - m = 0 
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Fig. 26 Schematic of Apparatus Shaft and Bearing Assembly 
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F i g .  27 Es t imated  Support  and T e s t  Bear ing  Torques 
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Fig. 28 Parasitic Torque Measurements 
Correction for Gas Bearing Torque has been Made. 
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Fig. 29 Schematic of Electrochemiluminescent Bearing 
Flow Visualization Test Rig 
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Fig. 30 Schematic of Partial Arc Bearing T e s t  Rig 


